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DESCRIPTION 

THERMOELECTRIC SEMICONDUCTOR MATERIAL, THERMOELECTRIC 
SEMICONDUCTOR ELEMENT USING THERMOELECTRIC SEMICONDUCTOR 

MATERIAL, THERMOELECTRIC MODULE USING THERMOELECTRIC 
SEMICONDUCTOR ELEMENT AND MANUFACTURING METHOD FOR SAME 



TECHNICAL FIELD 
The present invention relates to a thermoelectric semiconductor material as well 
as to a thermoelectric semiconductor element, a thermoelectric module, and 
manufacturing method for same that are utilized for thermoelectric cooling, thermoelectric 
heating, thermoelectric power generation or the like. 

BACKGROUND ART 

Devices for carrying out thermoelectric cooling, thermoelectric heating and 
thermoelectric power generation using the thermoelectric properties of a thermoelectric 
semiconductor generally have a basic configuration where a plurality of thermoelectric 
modules 1 are aligned and connected in series, as shown schematically in the example of 
FIG. 27. In each of the thermoelectric modules 1 , a PN element pair is formed by joining 
a P type thermoelectric semiconductor element 2 to an N type thermoelectric 
semiconductor element 3 via a metal electrode 4. 

One type of thermoelectric semiconductor that forms above described 
thermoelectric semiconductor elements 2 and 3 uses a complex compound made of one or 
two elements selected from bismuth (Bi) and antimony (Sb) of 5B group, and one or two 
elements selected from tellurium (Te) and selenium (Se) of 6B group. The 
thermoelectric semiconductor is made of an alloy having a (Bi-Sb>2(Te-Se)j based 
composition in which the ratio of a number of atoms of 5B group elements (Bi and Sb) to 
a number of atoms of 6B group elements (Te and Se) is 2: 3. 

Above-described alloy having a (Bi-Sb)z(Te-Se)3 based composition for forming 
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the thermoelectric semiconductor, has a hexagonal structure, and electrical and thermal 
anisotropy due to the crystal structure. It is known that by conveying electricity or heat 
in the <1 10> direction of the crystal structure, thai is, along C face of the hexagonal 
structure, excellent thermoelectric performance can be obtained, in comparison with a case 
where electricity or heat is conveyed in the direction of c-axis. 

Conventionally, raw alloys prepared so as to have the above-described desired 
composition are healed and melted to form molten alloys. Subsequently, using a 
directional solidification method, such as a zone melting method, while controlling the 
direction of the crystal growth so that the crystal has an excellent thermoelectric 
performance along the growth direction, a single crystalline or a polycrystalline ingot is 
manufactured as a thermoelectric semiconductor material. By a required working of the 
ingot, such as cutting a portion having little irregularity in the composition from the ingot 
and working the cut portion, an element having an excellent properties is manufactured. 

However, the ingots converted to single crystal using the zone melting method 
have significant cleavage due to their crystal structure. Therefore, when a thermoelectric 
semiconductor element is manufactured by slicing or the like of the ingot as a 
thermoelectric semiconductor material, there is a problem that the insufficient mechanical 
strength cause a reduction of yields by cracking or chipping. Therefore, it has been 
desired to improve thermoelectric performance along with increasing the strength of 
thermoelectric semiconductor materials for thermoelectric semiconductor elements. 

In order to improve the strength and thermoelectric performance of thermoelectric 
semiconductors, one technique is proposed in which an ingot as a thermoelectric 
semiconductor material which has been manufactured in the same manner as described 
above by a directional solidification method, is worked by extrusion or rolling so as to 
apply shear force in the direction of C face of a hexagonal structure, and thereby 
improving the strength of the material (see, for example, Patent Document 1). 

There has been proposed several method in view of general properties of 
polycrystalline metallic material as following: Crystal grains of polycrystalline metallic 
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material show dispersive distribution of orientation, the metallic material exhibits isotropy. 
When the crystal grains are oriented in a specific direction as a result of a working such as 
plastic working, crystal anisotropy of individual crystal grains appears as macroscopic 
characteristics so that the metallic material as a whole exhibits anisotropy (for example, 
Non-Patent Document 1). By crushing raw alloy powder and sintering the powder, 
mechanical property of the material is improved in the sintered body. In the sintered 
body crystalline orientation is reduced, since the integration of randomly oriented powder 
grains during the sintering process orientates constituent ciystals randamly. By rolling 
the sintered body in a direction (see, for example, Patent Document 2), by extrusion 
molding the sintered body (see, for example, Patent Documents 3 and 4), or by plastically 
deforming the sintered body (see, for example Patent Documents 5, 6, 7, 8, 9 and 10), 
uniformity of crystalline orientation of the sintered body is improved. 

That is to say, by applying a pressing force on the above-described sintered body, 
and plastically deforming the sintered body, constituent crystals of the texture are 
plastically deformed and flattened in a direction perpendicular to the direction of pressing 
force, and thus, the crystals are oriented in such a manner that the cleavage plane are 
perpendicular to the direction of compression. In a rolling or a forging by an uniaxial 
compression, C face of the hexagonal structure is oriented in the direction perpendicular to 
the direction of compressing the sintered body (direction of pressing). In an extrusion 
molding, C face of the hexagonal structure is oriented along the direction of extrusion 
(direction of pressing). By this method, it is possible to prepare a thermoelectric 
semiconductor material in which crystals are oriented in a direction of excellent 
thermoelectric performance. 

In general, the thermoelectric performance of the material used for the 
manufacture of a thermoelectric semiconductor is expressed by the following equation: 

Z = a 2 *o/ic = a 2 /(p^K) 
where Z is a Figure-of-Merit, a is the Seebeck coefficient, a is electric conductivity, k is 
thermal conductivity, and p is resistivity. 
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Accordingly, in order to increase the thermoelectric performance (Figure-of-Merit 
Z) of a thermoelectric semiconductor material, a raw alloy material in which the value of 
the Seebeck coefficient (a) or the electric conductivity (a) is increased, or the thermal 
conductivity (k) is lowered, may be utilized. 

Judging fiom this, it should be possible to increase thermoelectric performance 
(Figure-of-Merit Z) by decreasing the grain sizes of crystals and reducing the conductivity 
(k). However, in the above-described techniques using a powder produced by crushing 
an ingot of the raw alloy, the particle sizes of the powder is the grain sizes of crystals, 
therefore there is a limit to the miniaturization of crystal grains formed by crushing. 

Therefore, in order to improve the strength and thermoelectric performance of a 
thermoelectric semiconductor material, still another technique has been proposed. A raw 
alloy is melted into a molten alloy. A raw thermoelectric semiconductor material in a 
ribbon, foil piece or powder form is formed by a liquid quenching method such as 
rotational roll method in which the molten alloy is sprayed onto the surface of a rotational 
roll which is being rotated or a gas atomizing method in which the molten alloy is sprayed 
into a predetermined gas flow. At that time, microscopic crystal grains are formed 
within the texture of the raw thermoelectric semiconductor material, and high density 
strain and defects are introduced into the texture. After the raw thermoelectric 
semiconductor material is crushed into a powder, this raw thermoelectric semiconductor 
material in powder form is heat treated and solidified, and thereby a thermoelectric 
semiconductor material is manufactured. By this method, during the heat treatment or 
the solidification process, recrystallization of crystals occurs using the distortion due to the 
defects as a driving force, and due to the presence of grain boundaries, the thermal 
conductivity (k) is lowered and thermoelectric performance (Figure-of-Merit Z) is 
increased (see, for example, Patent Document 1 1). 

As the rotational velocity of a rotational roll that is used to form a raw 
thermoelectric semiconductor material in a ribbon, foil piece or powder form by 
quenching a molten alloy, it is proposed to set a circumferential velocity to be 2 to 80 
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m/sec, so as to effectively generate microscopic crystals by quenching, and make the 
crystals grow in the direction of heat flow (see, for example, Patent Document 12), In 
this case, a sufficient quenching speed is not achieved when the circumferential velocity 
of the rotational roll is less than 2 m/sec, and a sufficient quenching speed is also not 
achieved when the circumferential velocity is 80 m/sec or greater. 

As the heating conditions when the raw thermoelectric semiconductor material in 
a ribbon, foil or powder form is solidified and formed, it is proposed to maintain the 
material at a temperature from 200 to 400°C or at a temperature from 400 to 600°C for 5 
to 150 minutes while applying pressure to the material (see, for example. Patent Document 
13). 

Another technique for increasing the thermoelectric performance of a 
thermoelectric semiconductor material is proposed, in which Ag is added to and mixed 
with a raw thermoelectric semiconductor material in a ribbon, foil piece or powder form 
that has been formed by quenching a molten alloy of a (Bi-SbHTe-Se^ based raw alloy, 
on a rotational roll. By subsequent sintering and solidification, Ag is distributed in the 
grain boundaries, so that resistivity p is lowered, and thus, an increase in the 
thermoelectric performance (Figure-of-Merit Z) can be achieved (see, for example, Patent 
Document 14). 

It is known that in a rotational rolling method as the liquid quenching method, a 
molten alloy sprayed onto the surface of a rotational roll is cooled from contact surface 
with the rotational roll in the direction toward the outer periphery of the roll. Together 
with this quenching, the molten alloy solidifies in the direction of the film thickness. As 
a result, a raw thermoelectric semiconductor material in foil form is produced, in which C 
face, the base plane of the hexagonal structure of the crystal grains, stand in the direction 
of the film thickness. 

Therefore, a technique for effectively using the orientation of the crystals of a raw 
thermoelectric semiconductor material that has been manufactured by the rotational 
rolling method is proposed, in which the raw thermoelectric semiconductor materials arc 
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layered in the direction of the film thickness, and are sintered while pressure is applied in 
the direction parallel to the direction of the film thickness, and thereby, a thermoelectric 
semiconductor material is manufactured (see, for example, Patent Document 15). 

Furthermore, techniques for manufacturing a thermoelectric semiconductor 
material in which crystal orientation is improved have been proposed. In a technique, a 
layered body is produced by layering raw thermoelectric semiconductor materials 
manufactured by a rotational rolling method, and integrating the layered body layered in 
the direction of the film thickness by applying a pressure in the direction parallel to the 
layering direction. During the pressing for integrating the layers in the direction parallel 
to the layering direction, crystal orientation of each layers are disordered at the interface of 
the layers. By applying pressure in the direction perpendicular to the layering direction 
of the layered body, such disorder of crystal orientation at die interface can be improved 
(see, for example, Patent Document 1 6). In another technique, a layered body is 
produced by layering raw thermoelectric semiconductor materials in foil powder form in 
the direction of the film thickness. Crystalline orientation of the layered body is 
improved by applying pressure in at least three directions perpendicular to the layering 
direction. Furthermore, the layered body, the crystalline orientation of which has been 
improved by the above-described application of pressure, is formed by extrusion molding 
in the direction parallel to the layering direction, and thereby uniformity in the orientation 
of the crystals is additionally increased (see, for example, Patent Document 17). 

Recently, it has been desired for a thermoelectric transducing material to be 
provided with further improved performance and high reliability. Together with an 
increase in performance, an inclease in mechanical strength and excellence in workability 
are also desired. For example, when a thermoelectric semiconductor is used to cool a 
laser oscillator, N type and P type thermoelectric semiconductor elements having 
dimensions of no greater than 1 mm are used as modules. Accordingly, it is required a 
mechanical strength sufficient to make it possible for a thermoelectric semiconductor 
element of no greater than 1 mm in dimension to be sliced from an ingot of a 
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thermoelectric semiconductor material without chipping. 
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There is a problem, however, in that the mechanical strength of a thermoelectric 
semiconductor material cannot be sufficiently enhanced, even when the thermoelectric 
semiconductor material is manufactured by plastically deforming an ingot of a 
thermoelectric semiconductor raw alloy, as shown in Patent Document 1 . 

At present, it is difficult to overcome the problem in which a single-crystal or 
directionally solidified ingot easily cracks along the cleavage plane of the material. 
Even though the orientation of the crystals is uniform, there are few methods for still 
increasing performance, because the manufacturing methods are limited. 

Among techniques for manufacturing a polycrystalline thermoelectric 
semiconductor material, as shown in Patent Documents 2 to 10, by a technique for 
plastically deforming a sintered body by rolling, by an extrusion molding, or by upsetting 
forging of the sintered body formed by sintering of powder produced by crushing an ingot 
of an alloy material, it should be possible to enhance the mechanical strength of a 
thermoelectric semiconductor material. However, the size of the powder particles 
determine the diameter of the crystal grains in the powder of the ingot, and there is a limit 
to the miniaturization of the crystal grains. Therefore, the thermoelectric semiconductor 
material is disadvantageous in reducing thermal conductivity (k) and the thermoelectric 
performance cannot be significantly enhanced. In addition, since the powder is sintered 
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in a state in which each powder particles are randomly oriented, by the plastic deformation 
of the sintered body having such disordered crystalline orientation, it is difficult to 
enhance the crystalline orientation of a texture of thermoelectric semiconductor material. 

Furthermore, in the technique disclosed in Patent Document 1 1 , electric 
conductivity (o) is increased by heat treatment or sintering in order to remove defects 
within the grains, and thermal conductivity (k) is reduced due to scattering of phonons of 
the crystal grain boundaries. However, the grain boundaries inevitably exist in a 
polycrystalline body. Therefore, at present, it is difficult to increase electric 
conductivity and to reduce thermal conductivity at the same time. In addition, there is a 
problem in that the electric resistance is lowered in the vicinity of grain boundaries where 
the impurities are concentrated, whereas inside of the grains which mainly make up the 
volume are converted to semiconductors, and thus, electric resistance increases. 

As a rotational speed of the rotational roll for manufacturing a raw thermoelectric 
semiconductor material in foil or powder form, Patent Document 12 discloses that the 
circumferential velocity of a rotational roll may be set at 2 to 80 m/sec. However, Patent 
Document 12 does not show any concrete processes for manufacturing a thermoelectric 
semiconductor material by solidifying and forming a raw thermoelectric semiconductor 
material in foil or powder form that has been manufactured by using a rotational roll of 
which the circumferential velocity has been set as described above. 

As a heating condition for sintering a raw thermoelectric semiconductor material 
that has been manufactured by a liquid quenching method, Patent Document 13 discloses 
that the temperature may be set in a range from 200 to 600°C. This is the setting of a 
temperature condition that allows sintering without losing uniformity in the orientation of 
the crystals within the texture of the raw thermoelectric semiconductor material, but is 
totally different from the temperature range for the setting of the temperature when a raw 
thermoelectric semiconductor material is solidified and fonned according to the present 
invention as described below where segregation, dropping of separated phase, liquid 
deposition, and the like of a Te rich phase having a low melting point are completely 
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prevented during solidification forming of a raw thermoelectric semiconductor material. 

By a technique, as proposed in Patentj Document 1 4, for dispersing Ag in the 
crystal grain boundaries and lowering resistivity (i>) 7 and thereby, achieving an increase in 

the thermoelectric performance, Ag serves as ja dopant in a (Bi-Sb>2(Te-Se)3 based 

I 

thermoelectric semiconductor. Therefore, the technique includes a problem in that the 
added amount of Ag must be strictly adjustedl and also includes a problem of age 
deterioration. j 

In the technique described in Patent Document 1 5, raw thermoelectric 
semiconductor materials in foil forms manufactured by the rotational rolling method are 
layered in the direction of the film thickness and are solidified and formed. Therefore, 
there is a problem in which the crystal orientation of the layered raw thermoelectric 
semiconductor material is disordered when pressure is applied in the direction parallel to 

! 

the direction of the film thickness. j 

When raw thermoelectric semiconductor materials in foil forms manufactured by 
a rotational rolling method are layered, and pressure is applied to the layered body in the 
direction perpendicular to the layering direction, and pressure is applied to layered body, 
as described in Patent Document 16, in a direction perpendicular to the layering direction, 

or as described in Patent Document 17, in at least three direction perpendicular to the 

i 

layering direction, it should be possible to improve crystal orientation of the texture. In 
these case, an improvement of crystalline orientation is achieved by making the direction 

of C face of the hexagonal structure stand in the layering direction of the raw 

i 

thermoelectric semiconductor material. However, the direction of c-axis of the 
hexagonal structure in each crystal grain cannot be uniformly oriented. Therefore the 

direction of c-axis of the hexagonal structure iof the crystal grains cannot be uniformly 

I 

oriented even when an extrusion molding is additionally and sequentially carried out by 
applying pressure in the layering direction, as described in Patent Document 17. 

In conventional manufacturing methods for a polycrystalline thermoelectric 
semiconductor materials as described in Patent Documents 2 to 1 7, powders of ingots to 



2005 11/07 17:01 FAX 03 5288 5833 



i 

ii 



@ 01 7/055 



be solidified and formed for the manufacture of a thermoelectric semiconductor material, 

and raw thermoelectric semiconductor materials in ribbon, foil, and powder form 

i 

produced by a liquid quenching method have fine jgrain sizes. Therefore raw 
thermoelectric semiconductor materials have large specific surface area and their surfaces 
are easily oxidized. In addition, even when reduction process is carried out on each of 
the raw materials in order to prevent the surface oxidation, there are many operations to be 
added such as sealing a material in a mold without allowing contact with oxygen during 
sintering. Even when such additional operations! are carried out, it is difficult to reduce 
influence of oxidization. j 

In addition, since each of the above-4escribed raw materials has fine grain size, it 
is difficult to increase density of the material puring sintering* For example, when a 
raw thermoelectric semiconductor material in fine foil form that has been manufactured by 
a rotational rolling method and is sintered at 475°C, the increase of density is only within 
a range of 98 to 99%. When a powder is sirjtered, reduction of density depends on die 
grain size, but is limited to approximately 95%. Therefore, 
there is a possibility that the electric conductijvity being lowered. 

Furthermore, in a general hot pressing a fine powder is used in order to obtain the 

i 

compact texture after sintering. It is known thatbulk density increase with decreasing 
particle size of powder due to increasing amount of air, but it is possible to gain a compact 
structure by applying pressure. Therefore,|in the techniques described in Patent 
Documents 1 5 to 1 7, in which raw thermoele ctricJ semiconductor materials in foil forms 
manufactured by rotational rolling methods afre layered and subsequently solidified and 
formed, fine foils are used as the raw thermoelectric semiconductor materials. However, 
since the densification of sintered texture by hot press is a phenomena occurring as a result 
of powder flow and plastic deformation of pcwddr particles, when fine foils of raw 
thermoelectric semiconductor materials are solidified, as described in Patent Documents 
15 to 17, a large portion of each raw thermoelectric semiconductor material is plastically 
deformed and in a great number of portions, the original crystalline orientation of the foil 
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is disordered, and an orientation of C face is efasily disordered. 



DISCLOSURE OF INVENTION 
Therefore, an object of the present invention is to provide a thermoelectric 
semiconductor material having excellent crystalline orientation in the texture, reduced 
oxygen concentration, and enhanced thermoelectric performance, as well as to provide a 
thermoelectric semiconductor element using iucha thermoelectric semiconductor material, 
a thermoelectric module using such a thermoelectric element, and manufacturing methods 
for same. 

In order to achieve the above-describ sd objects, the present invention provides a 
thermoelectric semiconductor material which is produced by: layering and packing raw 
thermoelectric semiconductor materials made of a raw alloy having a predetermined 
composition of a thermoelectric semiconduct >r to form a layered body; solidifying and 
forming the layered body to form a compact; applying pressure to the compact in a 
uniaxial direction that is perpendicular or nearly perpendicular to the main layering 
direction of the raw thermoelectric semicondi ictor materials; and thereby applying shear 
force in a uniaxial direction that is approxim* tely parallel to the main layering direction of 
the raw thermoelectric semiconductor materials, and plastically deforming the compact 

When a raw alloys is contacted with lie surface of a cooling member at the time 
of the manufacture of the thermoelectric semiconductor material, a raw thermoelectric 



semiconductor material is achieved, in which 



main layering direction of the thermoelectric 



C face of the hexagonal structure of the 



crystal grains are oriented approximately par dlel !to the direction of the plate thickness. 
.When the raw thermoelectric semiconductor materials are layered in the direction of the 
plate thickness to form a layered body, and tl en solidified and formed, the direction of 
extension of C face of the crystal grains is maintained to be oriented in the layering 
direction in the compact. Furthermore, when pressure is applied to the compact in such a 
manner that shear force is applied in a uniaxial direction approximately parallel to the 



semiconductor, which is approximately 
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similar to the extending direction of C face of the crystal grains, and thereby the compact 
is plastically deformed, the crystal grains are flattened along the direction in which shear 
force is applied, and the extending direction of C face remain to be oriented in the 
direction of shear force during the plastic deformation. At the same time, the directions 
of c-axes of the crystal grains are oriented approximately parallel to the direction in which 
pressure is applied for the plastic deformation. Accordingly, in the texture of achieved 
thermoelectric semiconductor material, both the extending direction of C face and the 
direction of c-axis in the hexagonal structure of crystal grains are uniformly oriented, and 
therefore high thermoelectric performance can be 'Obtained by setting current and beat to 
be conveyed in the extending direction of C face. 

Accordingly, a thermoelectric semiconductor material having an excellent 
thermoelectric performance can be achieved by a mamrfacturing method for a 
thermoelectric semiconductor material comprising: melting a raw alloy having a 
predetermined composition of thermoelectric semiconductor, subsequently having the 
molten alloy contacted with a surface of a cooling member and thereby forming plate 
shaped raw thermoelectric semiconductor materials; layering the plate shaped raw 
thermoelectric semiconductor materials in a direction approximately parallel to a direction 
of the plate thickness and solidifying and forming the layered body into a compact; 
applying pressure to the compact in one of two axial directions which are crossing each 
other in a plane approximately perpendicular to the main layering direction of the raw 
thermoelectric semiconductor materials, while preventing deformation of the compact in 
the other axial direction; and thereby applying shear force in an axial direction 
approximately parallel to the main layering direction of the raw thermoelectric 
semiconductor materials, and plastically deforming the compact to form a thermoelectric 
semiconductor material. 

In addition, when a thermoelectric semiconductor material has a compound phase 
comprising: complex compound semiconductor phase having a predetermined 
stoichiometric composition of a compound thermoelectric semiconductor, and a Te rich 
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phase in which excess Te is added to the above composition, crystal grain boundaries exist 
in the thermoelectric semiconductor material, and:ciystal strain is generated due to the 
presence of the compound phase of complex compound semiconductor phase and the Te 
rich phase. By the introduction of crystal strain, 

thermal conductivity can be lowered, and therefore, the Figure-of-Merit can be increased 
as a result of the lowering of thermal conductivity. 

Furthermore, when a thermoelectric semiconductor material is produced by: 
adding excess Te to a predetermined stoichiometric composition of a compound 
thermoelectric semiconductor to form a raw alloy; layering and packing plate shaped raw 
thermoelectric semiconductor materials made of the raw alloy to form a layered body; 
solidifying and forming the layered body to form a compact; 
applying pressure to the compact in an axial direction perpendicular or nearly 
perpendicular to the main layering direction of the raw thermoelectric semiconductor 
materials; and thereby applying shear force in an axial direction approximately parallel to 
the main layering direction of the raw thermoelectric semiconductor materials, and 
plastically deforming the compact, the thermoelectric semiconductor material is provided 
with excellent crystalline orientation in which both extending direction of C face and 
direction of c-axes of the hexagonal structure of the crystal grains are approximately 
uniformly oriented. In addition, due to the presence of the compound phase of complex 
compound semiconductor phase and the Te rich phase, thermal conductivity can be 
lowered, and therefore, the Figure-of-Merit can be further increased. 

Accordingly, a manufacturing method for a thermoelectric semiconductor 
material, in which a raw alloy is controlled to have a composition where an excess Te is 
added to the predetermined stoichiometric composition of a compound thermoelectric 
semiconductor can provide a thermoelectric semiconductor having excellent crystalline 
orientation, a compound phase of complex compound semiconductor phase and the Te 
rich phase, and a high Figure-of-Merit. 

In the above described method, a P type thermoelectric semiconductor material 
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having high thermoelectric performance can be produced by controlling the raw alloy to 
have a composition in which excess Te is added to a (Bi-Sb)2Te3 based stoichiometric 
composition, concretely, by controlling the raw aUoy to have a composition in which 0. 1 
to 5% of excess Te is added to the stoichiometric composition of a compound 
thermoelectric semiconductor comprising 7 to 10 atomic % of Bi, 30 to 33 atomic % of Sb, 
and 60 atomic % of Te. 

On the other hand, a N type thermoelectric semiconductor material having high 
thermoelectric performance as described above can be produced by controlling the raw 
alloy to have a composition in which excess Te is added to a Bi 2 (Te-Se)3 based 
stoichiometric composition, concretely, by controlling the raw alloy to have a composition 
where 0.01% to 10% of excess Te is added to the stoichiometric composition of a 
compound thermoelectric semiconductor comprising 40 atomic % of Bi, 50 to 59 
atomic % of Te, and 1 to 10 atomic % of Se. 

Furthermore, when the solidification forming of the raw thermoelectric 
semiconductor materials is carried out by applying pressure and by heating to a 
temperature no less than 380°C and no higher than 500°C, the thermoelectric 
semiconductor material can be solidified and formed in a state in which the Te rich phase 
in the raw thermoelectric semiconductor material is prevented from being converted to 
liquid phase, or the Te rich liquid phase is controlled to be a small amount. Therefore, a 
P type or N type thermoelectric semiconductor material can be formed, having a multi 
phase structure of the P type or N type complex compound semiconductor phase 
dispersing microscopic Te rich phases including an excess Te in the above semiconductor 
composition. 

Moreover, in the manufacturing method, when a molten alloy of the raw alloy is 
contacted with the surface of a cooling member to form a plate shaped raw thermoelectric 
semiconductor material, the cooling rate of the molten alloy during solidification may be 
controlled to a rate by which 90% or more of the thickness of the plate shaped raw 
thermoelectric semiconductor material is not quenched. Concretely, a rotational roll may 
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be used as the cooling member, and when the plate shaped raw thermoelectric 
semiconductor material is formed by supplying the molten alloy of the raw alloy to the 
surface of such cooling member, the rotational roll may be rotated at a rate at which the 
thickness of the raw thermoelectric semiconductor material is controlled to be at least no 
less than 30 nm. By this method, microscopic crystal nuclei are formed on the side of 
contact surface of the molten raw alloy and the cooling member, and the molten alloy can 
be slowly solidified so that, from the nuclei, large! crystal grains grow in the direction of 
the thickness, and the raw thermoelectric semiconductor material can be formed to have a 
thickness of no less than 30 jim , At that time, the crystal grains can be grown in such a 
manner that C face of the hexagonal structure of the crystals extend in the direction of 
thickness, approximately throughout the entire thickness of the raw thermoelectric 
semiconductor material. When the raw alloy is made to have a composition including 
excess Te, in the (Bi-Sb>2Te3 based P type complex compound semiconductor phase or in 
the Bi2(Te-Se>3 based N type complex compound 1 semiconductor phase, the Te rich phases 
including excess Te in each of the above compositions can be microscopically dispersed 
as separated phase without being converted to amorphous phase. Thus, the Te rich phase 
precipitate as hetero phase or nucreate as hetero phase nuclei within crystal grains or in 
grain boundaries of the complex compound semiconductor, and thereby a raw 
thermoelectric semiconductor material having crystal strain can be achieved 

In addition, the raw thermoelectric semiconductor material has a great thickness 
and a large width as a result of solidification from molten raw alloy under slow cooling 
rate. Therefore, each raw thermoelectric semiconductor material may have large volume, 
and therefore may have a small specific surface area compared with a powder or the like 
of fine sizes. Therefore, the possibility of surface oxidization is reduced, and thereby, 
lowering of the electric conductivity of the raw thermoelectric semiconductor material can 
be prevented. 

In the above described method, when heating during solidification forming of a 
raw thermoelectric semiconductor material is performed by multiple step method, the 
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layered raw thennodectric semiconductor material can be heated in such a manner that the 
entire body reaches a desired temperature for solidification and formation even when the 
heating position by the heat source is biased during heating raw thennodectric 
semiconductor material for solidification and formation. Therefore, the compact 
formed through solidification forming of a raw thermoelectric semiconductor material can 
be made homogeneous throughout the entire body, and therefore, the thermoelectric 
semiconductor material manufactured by plastic deformation of the compact can be made 
homogeneous throughout the entire body. In addition, when the raw alloy is controlled 
to have a composition containing excess Te, the above excess component can be dissolved 
at the grain boundaries, and thus, the junction at the grain boundaries can be improved. 

In addition, when the plastic deformation process comprises one or more 
omnidirectional hydrostatic pressure process, the occurrence of buckling can be prevented 
and an uniform deformation rate can be obtained during the plastic deformation of the 
compact. Therefore, a texture of the thermoelectric semiconductor material formed by 
the above described plastic deformation can be homogenized. 

A thennodectric semiconductor element may be cut out from the above described 
thermoelectric semiconductor material having excellent crystalline orientation in which 
both the extending direction of C face and the direction of c-axis of the hexagonal 
structure of the crystal grains are uniformly oriented When the cut surface of 
thermoelectric semiconductor element include, as a contact surface with an electrode, a 
plane approximately perpendicular to the uniaxial direction of shear force application 
during the plastic deformation of compact to form the thermoelectric semiconductor 
material, it is possible to convey a current or heat in the direction approximately parallel to 
the extending direction of C face of the crystal grains. Therefore, the thermoelectric 
performance of the thermoelectric semiconductor element can be enhanced. 

Accordingly, by a manufacturing method for a thermoelectric semiconductor 
element, in which a thermoelectric semiconductor material is cut to form a thermoelectric 
semiconductor element so that an approximately perpendicular plane to the uniaxial 
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direction of shear force application during the plastic deformation of compact may be used 
as a contact surface with an electrode, the above described thermoelectric semiconductor 
element having enhanced thermoelectric performance can be achieved. 

A P type thermoelectric element and an N type thermoelectric semiconductor 
element may be formed as above described thermoelectric semiconductor elements having 
a high thermoelectric performance. A PN element pair may be formed by joining, via a 
metal electrode, the P type and N type thermoelectric semiconductor elements arranged so 
that the elements are aligned in the direction perpendicular to the axial direction of 
pressure application during plastic deformation of compact for forming a thermoelectric 
semiconductor material, and also perpendicular to the direction of shear force by the 
pressure application. A thermoelectric semiconductor module may be made to have the 
configuration provided by the PN element pair. In such a thermoelectric semiconductor 
module, a stress caused by expansion or contraction of the metal electrode accompanied 
with temperature deviation during the use of the thermoelectric module can be applied to 
each of the P type and N type thermoelectric semiconductor elements in the direction 
parallel to C face of the hexagonal structure of the respective crystal grains. Therefore, 
even when the metal electrode expands or contracts, interlayer peeling of the crystals in 
the texture of the thermoelectric semiconductor elements can be prevented, strength and 
durability of the thermoelectric module can be enhanced. 

Accordingly, the thermoelectric module having enhanced durability and strength 
can be achieved by a manufacturing method for a thermoelectric module comprising: 
preparing P type and N type thermoelectric semiconductor elements as above described 
thermoelectric semiconductor elements; arranging the P type and N type thermoelectric 
semiconductor elements so that the elements are aligned in the direction perpendicular to 
the axial direction of pressure application during plastic deformation of a compact, and 
also perpendicular to the direction of shear force by the pressure application; joining the P 
type and N type elements via a metal electrode to form a PN element pair. 

According to the present invention as described above, excellent effects can be 
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obtained as following: 

(1) A thermoelectric semiconductor material is produced by: layering and packing 
plate shaped raw thermoelectric semiconductor materials made of a raw alloy having a 
predetermined composition of a thermoelectric semiconductor to form a layered body; 
solidifying and forming the layered body to form a compact; plastically deforming the 
compact by applying pressure to the compact in a uniaxial direction that is perpendicular 
or nearly perpendicular to the main layering direction of the raw thermoelectric 
semiconductor material, and thereby applying shear force in a uniaxial direction that is 
approximately parallel to the main layering direction of the raw thermoelectric 
semiconductor material. In such a thermoelectric semiconductor elements, it is possible 
to enhance the strength by applying additional pressure to plastically deforming the 
compact which is formed by solidification forming of plate shaped raw thermoelectric 
semiconductor materials. At the same time, not only the extending direction of C face, 
but also the direction of c-axis of the hexagonal structure in the crystal grains in the 
texture can be uniformly oriented, and highly excellent crystalline orientation can be 
achieved. Therefore, by setting the direction in which current and heat are conveyed in 
the extending direction of C face of the crystal grains, thermoelectric performance can be 
enhanced 

(2) Accordingly, the above described thermoelectric semiconductor material may 
be achieved by a manufacturing method of a thermoelectric semiconductor material 
comprising: melting a raw alloy having a predetermined composition of thermoelectric 
semiconductor, subsequently having the molten alloy contacted with the surface of a 
cooling member and thereby forming plate shaped raw thermoelectric semiconductor 
materials; layering the plate shaped raw thermoelectric semiconductor materials in a 
direction approximately parallel to the direction of the plate thickness to form a layered 
body; solidifying and forming the layered body to form a compact; applying pressure to 
the compact in one of two axial directions which are crossing each other in a plane 
approximately perpendicular to the main layering direction of the raw thermoelectric 
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semiconductor materials, vMe preventing deformation of the layered body in the other 
axial direction; and thereby applying shear force in an axial direction approximately 
parallel to the main layering direction of the raw thermoelectric semiconductor materials, 
and plastically deforming the layered body to form a thermoelectric semiconductor 
material. 

(3) In a thermoelectric semiconductor material having a compound phase 
comprising: complex compound semiconductor phase having a predetermined 
stoichiometric composition of a compound thermoelectric semiconductor, and a Te rich 
phase in which excess Te is added to the above composition, crystal grain boundaries exist 
in the thermoelectric semiconductor material, and crystal strain is generated due to the 
presence of the compound phase of complex compound semiconductor phase and the Te 
rich phase. By the introduction of crystal strain, 

thermal conductivity can be lowered, and therefore, the Figure-of-Mcrit can be increased 
as a result of the lowering of thermal conductivity. 

(4) In a thermoelectric semiconductor material produced by: adding excess Te 
to the predetermined stoichiometric composition of a compound thermoelectric 
semiconductor to form a raw alloy; layering and packing plate shaped raw thermoelectric 
semiconductor materials made of the raw alloy to form a layered body; solidifying and 
forming the layered body to form a compact; applying pressure to the compact in an axial 
direction perpendicular or nearly perpendicular to the main layering direction of the raw 
thermoelectric semiconductor materials; and thereby applying shear force in an axial 
direction approximately parallel to the main layering direction of the raw thermoelectric 
semiconductor materials, and plastically deforming the compact, the thermoelectric 
semiconductor material is provided with excellent crystalline orientation in which both 
extending direction of C face of the hexagonal structure of the crystal grains and direction 
of c-axes of the crystal grains are approximately uniformly oriented. In addition, due to 
the presence of the compound phase of complex compound semiconductor phase and the 
Te rich phase, thermal conductivity can be lowered, and therefore, the Figure-of-Merit can 
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be further increased. 

(5) Accordingly, a thermoelectric semiconductor having above described 
excellent crystalline orientation, a compound phase of complex compound semiconductor 
phase and the Te rich phase, and a high Figure-of -Merit can be achieved by a 
manufacturing method for a thermoelectric semiconductor material, comprising 
controlling a raw alloy to have a composition in which excess Te is added to the 
predetermined stoichiometric composition of a compound thermoelectric semiconductor. 

(6) In the above described method, a P type thermoelectric semiconductor 
material having high thermoelectric performance can be produced by controlling the raw 
alloy to have a composition in which excess Te is added to a (Bi-Sb^Tes based 
stoichiometric composition, concretely, by controlling the raw aiioy to have a composition 
where 0.1% to 5% of excess Te is added to the stoichiometric composition of a compound 
thermoelectric semiconductor comprising 7 to 10 atomic % of Bi, 30 to 33 atomic % of Sb, 
and 60 atomic % of Te. 

(7) On the other hand, a N type thermoelectric semiconductor material having 
above described high thermoelectric performance can be produced by controlling the raw 
alloy to have a composition where excess Te is added to a Bi2(Te~Se)a based 
stoichiometric composition, concretely, by controlling the raw alloy to have a composition 
where 0.01% to 10% of excess Te is added to the stoichiometric composition of a 
compound thermoelectric semiconductor comprising 40 atomic % of Bi, 50 to 59 
atomic % of Te, and 1 to 10 atomic % of Se, 

(8) Furthermore, by carrying out solidification forming of the raw 
thermoelectric semiconductor material by applying pressure along with heating the raw 
material to a temperature no less than 380 P C and no higher than 500°C, the thermoelectric 
semiconductor material can be solidified and formed in a state in which the Te rich phase 
in the raw thermoelectric semiconductor material is prevented from being converted to 
liquid phase, or the Te rich liquid phase is controlled to be a small amount Therefore, a 
P type or N type thermoelectric semiconductor material can be formed, having a multi 
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phase structure of the P type or N type complex compound semiconductor phase 
dispersing microscopic Te rich phases including an excess Te in the above semiconductor 
composition. 

(9) Moreover, in the manufacturing method, when a molten alloy of the raw 
alloy is contacted with the surface of a coolin g member to form a plate shaped raw 
thermoelectric semiconductor material, the cooling rate of die molten alloy during 
solidification may be controlled to a rate at which 90% or more of the thickness of the 
plate shaped raw thermoelectric semiconductor material is not quenched. Concretely, a 
rotational roll may be used as the cooling member, and when the plate shaped raw 
thermoelectric semiconductor material is formed by supplying the molten alloy of the raw 
alloy to the surface of such cooiing member, the rotational roil may be rotated at a rate at 
which the thickness of the raw thermoelectric semiconductor material is controlled to be at 
least no less than 30 jim. By this method, microscopic crystal nuclei are formed on the 
side of contact surface of the molten raw alloy and the cooling member, and the molten 
alloy can be slowly solidified so that, from the nuclei, large crystal grains grow in the 
direction of the thickness, and the raw thermoelectric semiconductor material can be 
formed to have a thickness of no less than 30 urn. At that time, the crystal grains can be 
grown in such a maimer that C face of the hexagonal structure of the crystals extend in the 
direction of thickness, approximately throughout the entire thickness of the raw 
thermoelectric semiconductor material. When the raw alloy is made to have a 
composition including excess Te, in the (Bi-Sb^Tea based P type complex compound 
semiconductor phase or in the Bi 2 (Te-Se) 3 based N type complex compound 
semiconductor phase, the Te rich phases including an excess Te in each of the above 
compositions can be microscopically dispersed as separated phase without being 
converted to amorphous phase. Thus, a Te rich phase precipitate as hetero phase or 
nucleate as hetero phase nuclei within crystal grains or in grain boundaries of the complex 
compound semiconductor, and thereby a raw thermoelectric semiconductor material 
having crystal strain can be achieved. 
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In addition, the raw thermoelectric semiconductor material has a large thickness 
and a large width as a result of solidification from molten raw alloy under slow cooling 
rale. Therefore, each raw thermoelectric semiconductor material may have large volume, 
and therefore may have a small specific surface area compared with a powder or the like 
of fine sizes. Therefore, the possibility of surface oxidization is reduced, and thereby, 
lowering of the electric conductivity of the raw thermoelectric semiconductor material can 
be prevented. 

(1 0) In the above described method, when heating during solidification and 
forming process of a raw thermoelectric semiconductor material is performed by multiple 
step method, the layered raw thermoelectric semiconductor material can be heated in such 
a manner that the entire body reaches a desired temperature for solidification forming even 
when the heating position by the heat source is biased during heating raw thermoelectric 
semiconductor material for solidification forming. Therefore, the compact formed 
through solidification forming of a raw thermoelectric semiconductor material can be 
made homogeneous throughout the entire body, and therefore, the thermoelectric 
semiconductor material manufactured by plastic deformation of the compact can be made 
homogeneous throughout the entire body. In addition, when the raw alloy is controlled 
to have a composition containing excess Te, the above excess component can be dissolved 
at the grain boundaries, and thus, the junction at the grain boundaries can be improved 

(1 1) In addition, when the plastic working process in the method comprises one 
or more omnidirectional hydrostatic pressure process, the occurrence of buckling can be 
prevented and an uniform deformation rate can be obtained during the plastic deformation 
of the compact. Therefore, a texture of the thermoelectric semiconductor material 
formed by the above described plastic deformation can be homogenized. 

(12) A thermoelectric semiconductor element may be cut out from the above 
described thermoelectric semiconductor material having excellent crystalline orientation 
in which both the extending direction of C face and the direction of c-axis of the 
hexagonal structure of the crystal grains are uniformly oriented. When the cut surface 
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ofthennoelectric semiconductor element include, as a contact surface with an electrode, a 
plane approximately perpendicular to the uniaxial direction of shear force application 
during the plastic deformation of a compact to form the thermoelectric semiconductor 
material, it is possible to convey a current or heal in the direction approximately parallel to 
the extending direction of C face of the crystal grains. Therefore, the thermoelectric 
performance of the thermoelectric semiconductor element can be enhanced 

(1 3) Accordingly, the above described thermoelectric semiconductor element 
having enhanced thermoelectric performance can be achieved by a manufacturing method 
for a thermoelectric semiconductor element, comprising slicing a thermoelectric 
semiconductor material to form a thermoelectric semiconductor element so that an 
approximately perpendicular plane to the uniaxial direction of shear force application 
during the plastic deformation of a compact may be used as a contact surface with an 
electrode. 

(14) A P type thermoelectric element and an N type thermoelectric 
semiconductor element may be formed as above described thermoelectric semiconductor 
elements having a high thermoelectric performance. A PN element pair may be formed 
by joining, via a metal electrode, the P type and N type thermoelectric semiconductor 
elements arranged so that the elements are aligned in the direction perpendicular to the 
axial direction of pressure application during plastic deformation of a compact for forming 
a thermoelectric semiconductor material, and also perpendicular to the direction of shear 
force by the pressure application. A thermoelectric semiconductor module may be made 
to have the configuration provided by the above described PN element pair. In such a 
thermoelectric semiconductor module, a stress caused by expansion or contraction of the 
metal electrode accompanied with temperature deviation during the use of the 
thermoelectric module can be applied to each of the P type and N type thermoelectric 
semiconductor elements in the direction parallel to C face of the hexagonal structure of the 
respective crystal grains. Therefore, even when the metal electrode expands or contracts, 
interlayer peeling of the crystals in the texture of the thermoelectric semiconductor 
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elements can be prevented, strength and durability of the thermoelectric module can be 
enhanced. 

(15) Accordingly, the thermoelectric module having enhanced durability and 
strength can be achieved by a manufacturing method for a thermoelectric module 
comprising: preparing P type and N type thermoelectric semiconductor elements as above 
described thermoelectric semiconductor elements; arranging the P type and N type 
thermoelectric semiconductor elements so that the elements are aligned in the direction 
perpendicular to the axial direction of pressure application during plastic deformation of a 
compact, and also perpendicular to the direction of shear force by the pressure application; 
joining the P type and N type elements via a metal electrode to form a PN element pair, 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow chart showing an embodiment of manufacturing method for a 
thermoelectric semiconductor material according to the present invention. 

FIG. 2 is a diagram schematically showing a device used in the slow cooling foil 
manufacturing process of FIG. 1 . 

FIG. 3 is a schematic perspective diagram showing a raw thermoelectric 
semiconductor material formed in the slow cooling foil manufacturing process of FIG. 1. 

FIG. 4 is a graph showing the correlation between the thickness of a raw 
thermoelectric semiconductor material formed in the slow cooling foil manufacturing 
process of FIG. 1 and the circumferential velocity of the cooling roll. 

FIG. 5 is a graph showing the correlation between the width of the raw 
thermoelectric semiconductor material formed in the slow cooling foil manufacturing 
process of FIG. 1 and the circumferential velocity of the cooling roll. 

FIG. 6A is a photograph showing the cross section of the structure of a raw 
thermoelectric semiconductor material formed in the slow cooling foil manufacturing 
process of FIG. I; 

FIG. 6B is a photograph of the structure of a raw thermoelectric semiconductor 
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material formed in the slow cooling foil manufacturing process of FIG. 1 showing a 
surface of the raw thermoelectric semiconductor material opposite to the contact surface 
with a rotational roll. 

FIG. 7 A is a schematic perspective diagram showing a compact formed in the 

solidification forming process of FIG. 1 . 

FIG. 7B is a perspective diagram of a compact formed in a solidification forming 
process of FIG. 1 schematically showing the layered structure of a raw thermoelectric 
semiconductor material. 

FIG. 7C is an enlarged perspective diagram showing a partial cross section of a 
compact shown in FIG. 7B. 

FIG. 8 A is a diagram showing a plastic working device used in the plastically 
defonning process of FIG. 1 and is a schematic cross sectional side view of the device in 
the initial state before plastically deforming the compact 

FIG. 8B is a diagram showing the device of FIG. 8 A as viewed along the line A-A 
in the direction of the arrows; 

FIG. 8C is a diagram showing a plastic working device used in the plastically 
defonning process of FIG. 1 and is a schematic cross sectional side view of the device in a 
state in which a thermoelectric semiconductor material is formed by plastic deformation of 
a compact. 

FIG. 8D is a diagram corresponding to FIG. 8B showing another type of the 
plastic working device used in the plastically deforming process of FIG. 1 and is provided 
with a ring for fixing the position. 

FIG. 9A is a schematic perspective diagram showing a thermoelectric 
semiconductor material formed in the plastically deforming process of FIG. 1 . 

FIG. 9B is a perspective diagram schematically showing the crystalline 
orientation of a thermoelectric semiconductor material formed in the plastically deforming 
process of FIG. 1; 

FIG. 10 is a graph showing the correlation between the circumferential velocity of 
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the cooling roll in the slow cooling foil manufacturing process of FIG. 1 and the thermal 
conductivity of the thermoelectric semiconductor material formed in the plastically 
deforming process of FIG. 1 using a raw thermoelectric semiconductor material formed 
in the slow cooling foil manufacturing process. 

FIG. 1 1 is a graph showing the correlation between the circumferential velocity of 
the cooling roll in a slow cooling foil manufacturing process of FIG. 1 and the electric 
conductivity of a thermoelectric semiconductor material that is formed in the plastically 
deforming process of FIG. 1 using a raw thermoelectric semiconductor material formed in 
this slow cooling foil manufacturing process. 

FIG. 12 is a graph showing the correlation between the circumferential velocity of 
the cooling roll in a slow cooling foil manufacturing process of FIG. 1 and the Seebeck 
coefficient of a thermoelectric semiconductor material formed in a plastically deforming 
process of FIG. 1 using the raw thermoelectric semiconductor material formed in the slow 
cooling foil manufacturing process. 

FIG. 13 is a graph showing the correlation between the circumferential velocity of 
a cooling roll in a slow cooling foil manufacturing process of FIG. 1 and the carrier 
concentration of the thermoelectric semiconductor material formed in the plastically 
deforming process of FIG. 1 using a raw thermoelectric semiconductor material formed in 
the slow cooling foil manufacturing process. 

FIG. 14 is a graph showing the correlation between the circumferential velocity of 
the cooling roll in the slow cooling foil manufacturing process of FIG. 1 and the 
Figure-of-Merit of the thermoelectric semiconductor material formed in the plastically 
deforming process of FIG. 1 using the raw thermoelectric semiconductor material formed 
in this slow cooling foil manufacturing process; 

FIG. 1 5 is a graph showing the correlation between the thickness and the oxygen 
concentration of the raw thermoelectric semiconductor material formed in a slow cooling 
foil manufacturing process of FIG. 1 . 

FIG. 16 is a graph showing the correlation between the width and oxygen 
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concentration of the raw thennoelectric semiconductor material that is formed in a slow 
cooling foil manufacturing process of FIG. 1. 

FIG. 17 is a graph showing the correlation between the circumferential velocity of 
the cooling roll in a slow cooling foil manufactuAng process of FIG. 1 and the oxygen 
concentration of the raw thennoelectric semiconductor material formed in the slow 
cooling foil manufacturing process. 

FIG. 1 8 is a graph showing the correlation between the oxygen concentration in 
the raw thennoelectric semiconductor material that is manufactured in the slow cooling 
foil manufacturing process of FIG. 1 and the Figure-of-Merit of the thermoelectric 
semiconductor material formed using the raw thennoelectric semiconductor material. 

FIG. 19 is a flow chart showing another embodiment of a manufacturing method 
for the thennoelectric semiconductor material according to the present invention; 

FIG. 20A is a diagram showing a plastic working device used for an 
omnidirectional hydrostatic pressure process of FIG. 19 and is a schematic cross sectional 
side view of the device in the initial state before the plastic deformation of a compact. 

FIG. 20B is a diagram showing the device of FIG. 20A as viewed along line B-B 
in the direction of the arrows. 

FIG. 20C is a diagram showing die plastic working device used for an 
omnidirectional hydrostatic pressure process of FIG. 19 and is a schematic cross sectional 
side view of the device in a state in which omnidirectional hydrostatic pressure is applied 
to a compact that has been plastically deformed by a predetermined amount. 

FIG. 21 is a schematic perspective diagram showing steps of the manufacturing 
method for a thermoelectric semiconductor element of the present invention, and showing 
a state for slicing a thermoelectric semiconductor material, a sliced wafer, and a 
thennoelectric semiconductor element cut out from a wafer. 

FIG. 22 is a schematic perspective diagram showing an embodiment of a 
thennoelectric module according to the present invention. 

FIG. 23 is a schematic perspective diagram showing a comparative example for a 
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thermoelectric module of FIG. 22. 

FIG. 24A is a schematic cross sectional side view showing another example of a 
plastic working device used in a plastically deforming process of FIG. 1. 

FIG. 24B is a diagram showing the device ofFIG. 24A along line C-C in the 

direction of the arrows. 

FIG. 25A is a schematic diagram showing an example of the plastically deforming 
process of FIG. 1 by another device, and showing a state in which a compact is plastically 
deformed by a high pressure press. 

FIG. 25B is a schematic diagram showing an example of the plastically deforming 
process of FIG. 1 by another device, and showing a state in which a compact is plastically 
deformed by a rolling device. 

FIG. 26 is a graph showing the results of the comparison of the thermoelectric 
performance of a thermoelectric module manufactured by the manufacturing method of 
the present invention with that of a thermoelectric module manufactured by another 

manufacturing method. 

FIG. 27 is a perspective diagram schematically showing an example of a 
conventional thermoelectric module. 

BEST MODE FOR CARRYING OUT THE INVENTION 
In the following embodiments of the present invention are explained with 

reference to the drawings. 

FIGS. 1 to 1 8 show an embodiment of manufacturing method for a thermoelectric 
semiconductor material according to the present invention. As shown in the flow chart 
of FIG. 1, basically the thermoelectric semiconductor material is manufactured by: 
preparing an alloy by mixing, in a predetermined ratio, respective metals composing a raw 
alloy of a thermoelectric semiconductor, melting the metals to form a molten alloy, slowly 
cooling the molten alloy by an undermentioned cooling method at a rate at which 90% or 
more of the thickness of the raw thermoelectric semiconductor material is not quenched; 
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solidifying the molten alloy to form a thin plate shaped foils (slow cooling foils) as raw 
thermoelectric semiconductor materials; after layering and packing the slow cooling foils 
produced as raw thermoelectric semiconductor materials so that the foils are layered in a 
mold, in the direction of plate thickness, solidification forming the layered foils under an 
undermentioned predetermined heating condition to form a compact; next, plastically 
deforming the compact by applying a load in such a maimer that a shear stress is applied 
in an uniaxial direction approximately parallel to the main layering direction of the raw 
thermoelectric semiconductor material, and thereby ma nu facturing a thermoelectric 
semiconductor material. 

Concrete manufacturing methods for anN type thermoelectric semiconductor 
material and an N type semiconductor element are described as follows. 

Firstly, to prepare a stoichiometric composition of a raw alloy of an N type 
thermoelectric semiconductor in a component mixing process I, Bi, Se and Te are weighed 
so that the raw alloy contains 40 atomic % of Bi, 1 to 10 atomic % of Se, and 50 to 59 
atomic % of Te. The weighed metals are mixed to obtain a Bi2(Te-Sc>3 based 
composition. Furthermore excess Te is aided so that 0.01 to 10% by weight of Te is 
contained in the entire Bi 2 (Te-Se)3 based component, and thus an alloy having a 
nonstoichiometric composition with excess Te is prepared. At that time, a predetermined 
amount of dopant for forming an N type thermoelectric semiconductor, such as Hg, Ag, 
Cu or a halogen dopant, may be added. 

Next, in a slow cooling foil manufacturing process II, as shown in FIG. 2, a metal 
mixture that has been mixed and prepared in the above-described component mixing 
process I is put into a melting cmcible 6 made of quartz. Hie crucible is introduced into 
a container 5 which can hold a low oxygen concentration atmosphere such as a reduction 
gas atmosphere, an inert gas atmosphere or a vacuum. The crucible is heated by a 
heating coil 7 so as to melt the metal to form a molten alloy 8. After that, the molten 
alloy 8 is supplied to the surface of a rotational roll 9 such as a water cooled roll. The 
rotational roll act as cooling member and the molten alloy is solidified. So as to form 
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slow cooling foils as raw thermoelectric semiconductor materials 10 of at least 30 \im or 
more in thickness, the molten alloy is supplied from a nozzle which has a predetermined 
diameter, for example 03 mm, and is provided at the bottom of the melting crucible 6, to 
the surface of the rotational roll 9 rotating at a slow rate at which die circumference 
velocity is no higher than 5m/sec, and thereby the molten alloy is solidified. By this 
process, slow cooling foils as raw thermoelectric semiconductor materials 10 in thin plate 
shaped forms are manufactured as shown in FIG. 3. 

It is preferable to set the rotational velocity of the rotational roll 9 so that the 
circumferential velocity is no higher than 2m/sec. When the circumference velocity of 
the rotational roll 9 is set to be no higher than 5m/sec, as it is obviously shown in the 
graph of FIG. 4, the thickness of die slow cooling foil manu&ctured as a raw 
thermoelectric semiconductor material 10 can be made as thick as 30 \xm or more. In 
addition, when molten alloy 8 is solidified on the surfece of the rotational roll 9 to form 
the raw thermoelectric semiconductor material 10, the molten alloy can be solidified at a 
rate by which 90% or more of the thickness of the raw thermoelectric semiconductor 
material is not quenched. Therefore, as shown in FIG. 3, crystal grains 1 1 formed in the 
texture of die raw thermoelectric semiconductor material 10 may have a length extending 
throughout entire thickness of the slow cooling foil as the raw thermoelectric 
semiconductor material 10, and thus, raw thermoelectric semiconductor material 10 
having an excellent crystalline orientation can be formed. Furthermore, when the 
circumferential velocity of rotational roll 9 is set to be no greater than 2m/sec, the 
thickness of raw thermoelectric semiconductor material 1 0 can be effectively increased 
to a value ofno less than approximately 70 Jim. Thus lengths of crystal grains 1 1 can be 
additionally increased, and the crystalline orientation can be further improved. In 
addition, as described above, when the rotational speed of rotational roll 9 is set so that the 
circumferential velocity becomes no greater than 5ro/$ec, as it is obvious from the graph 
shown in FIG. 5, the width of the slow cooling foils manufactured as the raw 
thermoelectric semiconductor materials 10 can be increased, and the volumes of each raw 
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thermoelectric semiconductor material 10 can be increased. 

Crystal grains 1 1 in the texture of raw thermoelectric semiconductor material 10 
are schematically illustrated as hexagons in FIG.3. These hexagons do not show the 
actual crystal lattice in the hexagonal structure of the above-described crystal grains 11, 
but for convenience in explanation, schematically show the direction of C face of the 
hexagonal structure of the crystal grains 1 1 by the hexagons, and in addition, by the 
flattened direction of the hexagons, schematically indicate the direction in which crystal 
grains 1 1 are flattened, that is, the direction in which the crystal grains are oriented. This 
can be applied to the following figures. 

As a result of this, molten alloy 8 of the raw alloy is supplied to the rotational roll 
9 and is slowly cooled, and thereby is slowly and sequentially cooled from the contact 
surface with the rotational roll toward the outer periphery of the roll, that is in the 
direction of the thickness of molten alloy 8. As a result, as shown in FIG. 3, the crystal 
structures of the complex compound semiconductor phases of Bi 2 Te 3 and Bi 2 Se3 are 
respectively solidified and crystallized, in which extending direction of C face of the 
hexagonal structure of crystal grains 1 1 are mainly oriented in the direction of the plate 
thickness (the direction shown by arrow t in the figure). At the same time, since Te is 
added to the above molten alloy 8 so that excess Te is added to the Bi 2 (Te-Se>3 based 
stoichiometric composition, Te rich phases including excess Te in the composition of 
Bi 2 Te 3 or Bi 2 Se 3 are microscopically dispersed as a non-amorphous separated phase in the 
crystal grains and grain boundaries of the respective complex compound semiconductor 
phases of Bi 2 Te3 and Bi 2 Se 3 . Thus a raw thermoelectric semiconductor material 10 that 
is thought to have a structure dispersing microscopic Te-rich phase, that is, a structure 
having crystal strain by precipitation of hetero phase (Te-rich pahse) or by nucleation of 
hetero pahse nuclei within crystal grains and grain boundaries of the Bi 2 (Te-Se)3 based 
complex compound semiconductor, can be achieved. 

FIGS. 6A and 6B show scanning electron microscope (SEM) images of a texture 
of raw thermoelectric semiconductor material 10 manufactured by the above-described 
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slow cooling foil manufacturing process II. FjIG. 6A shows a cross section of the raw 
thermoelectric semiconductor material 10. this figure, contact surface with the 
rotational roll 9 is placed on the upper side. IpG. 6B shows the surface structure of the 
raw thermoelectric semiconductor material Id opposite to the contact surface with the 
rotational roll. 

As is clear from the FIG. 6A, raw thermoelectric semiconductor materials 10 
having a thickness of no less than 30 urn can h|e formed in the slow cooling foil 
manufacturing process II . The contact surfebe with the rotational roll 9 shows fine 
crystal grains formed by quenching of molted dloy 8 by the contact with the rotational roll 
9. These fine crystal grains are formed only in the surface region on the side of the 
contact surface with the rotational roll 9, whetfcas other than the surfece region having the 
fine crystal grains, in the region of 90% or more of the thickness, large crystal grains 1 1 
oriented in the direction of the plate thickness! throughout the entire thickness of the plate 
can be formed. 

In addition, as is clear from FIG. 6B, tihe raw thermoelectric semiconductor 
material 10 have a textual structure in which crystal grains 11a of hetero phases (Te rich 
phases) are generated within the grains and gj^an boundaries of crystal grains 1 1 of the 
Bi 2 (Te-Se)3 based complex compound semiconductor or the like, which are flattened and 
oriented so as to extend in direction of the plate thickness. 

Powder particles of small grain sizes s nixed in the raw thermoelectric 
semiconductor materials 10 manufactured by i he slow cooling foil manufacturing process 
II may be removed in advance by sieving, befi rre the raw thermoelectric semiconductor 
materials being sent to the following solidification forming process DO. 

Next, in the solidification forming process III, the slow cooling foils of raw 

thermoelectric semiconductor materials 10 manufactured by the slow cooling foil 

i 

manufacturing process H are layered in the direction approximately parallel to the 
direction of the plate thickness (the direction if arrow t) and are packed in a mold, not 
shown, within a container (not shown) that cdk hold a low oxygen concentration 



■ i 
I 
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atmosphere such as a reduction gas atmosphere, an inert gas atmosphere or a vacuum of 
10 Pa or less. After that, the foils are sintered and pressurized and are solidified and 
formed to have a predetermined form. For e: cample, a rectangular solid shaped compact 
12 having a predetermined width corresponding to a spacing between restricting members 
15 in a plastic working device 13 used in the £ fter-mentioned plastically deforming 
process IV is manufactured as shown in FIGSl 7 A, 7B, and 7C. 

FIG. 7B schematically shows a layered structure of the slow cooling foils of a 
raw thermoelectric semiconductor material 10 as a basic configuration of the structure of 
the compact 12. FIG. 7C shows an enlarge* 1 view of the layered structure of raw 
thermoelectric semiconductor materials 10 of the FIG. 7B. 

As conditions for the above-described sintering process, along with applying 
predetermined pressure, for example, pressing of no less than 14.7 MPa, and heat is 
applied in a manner such that the Te rich phase existing in the thermoelectric 
semiconductor material manufactured in the above-described slow cooling foil 
manufacturing process II is prevented from CC mplete segregation, formation of deferent 
phase, or liquid phase precipitation. Since tt e Te-rich phase have a possibility to form a 
liquid phase at a temperature of approximate!; r 420°C, sintering is carried out by heating 
to a temperature condition of no higher than 5 D0°C, preferably no lower than 420°C and 
no higher than 450°C, and keeping at the temperature for about 5 seconds to 5 minutes. 

The lower limit of the temperature cohdition in the sintering is no lower than 
380°C. This is because the density of compact 12 does not increase when the sintering 
temperature is lower than 380°C. 

At the time of the above-described sintering, multi step heating is carried out so 
that the entirety of the object for sintering can be approximately uniformly heated to the 
predetermined sintering temperature without causing heterogeneous temperature 
distribution in the object 

In the multi step heating, when an object for sintering is heated to the 
predetermined sintering temperature using a {predetermined heating source, not shown , 



i 
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heating step is controlled to comprise one or no ore periods, for example, for no less than 

r 

10 seconds, of stopping heating by the heat source for a predetermined period of time, or 
of temporally changing the heating by the heat source so that the healing rate of the object 
of sintering is slowed down, and thereby home geniang the temperature of the whole 
object for sintering by heat conduction during, he above-described stopping heating or 
slowing heating rate periods. After homogen zing the temperature of the whole body in 
the process of heating, by further heating the object for sintering, the object is heated 
almost homogeneously to the final temperature, as the sintering temperature. 

Accordingly, by homogenizing the tei iperature of the entire object for sintering in 
the process of heating, even though the heating position by the heat source is biased, 
uneven temperature distribution can be restrained when the temperature reaches the 
sintering temperature. In this case, as ahead ig device (heating furnace) for the sintering, 
conventional hot pressing, energized hot pressing or pulse energized hot pressing may be 
used. In addition, the above-described periot s for stopping heating, or slowing the 
heating rate are not limited to 1 0 seconds or hijgher, but may be arbitrarily set depending 
on the heating ability of the heat source, the size of the object for sintering, or the like. 

The slow cooling foils as raw thermot lectric semiconductor materials 10 formed 
in the above-described slow cooling foil manufacturing process II have large widths and 
thicknesses, and therefore, their layered bodyh lave a large volume and many interstices. 
By layering and subsequently sintering along" vith pressurizing the raw thermoelectric 
semiconductor materials 10 in the solidificatic n forming process ID, atoms of the 
respective raw thermoelectric semiconductor i oaterials 1 0 migrate so as to fill in the 
interstices between the raw thermoelectric seopiconductor materials 1 0. Together with 
the migration of atoms, the respective raw the Bioelectric semiconductor materials 10 are 
plastically deformed so as to make contact with each other and fill in the interstices 
between the raw thermoelectric semiconductor materials 1 0. Therefore, raw 
thermoelectric semiconductor materials 10 which are made to make contact with each 
other through the plastic deformation are joined to each other via the interfaces. 
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At that time, although the deformation of raw thermoelectric semiconductor 
materials 10 slightly disarrange the orientation of Cfaceof crystal grains 11 that have 
been oriented approximately in the direction of piste thickness of the raw thermoelectric 
semiconductor material 10, that disordering does not cause a volumetric breakdown of the 
whole body. Accordingly, as shown in FIG. 7B, in the slow cooling foils of raw 
thermoelectric semiconductor material 10 constructing the compact 12, the orientation of 
crystal grains 1 1 is maintained as same as the crystalline orientation (in the direction of 
arrow t) of a single piece of raw thermoelectric semiconductor material 10 shown in FIG3. 
Therefore, it is possible to prevent the possibility of mass breakdown of the orientation of 
C face of the crystal grains, which could not be avoided in prior art, in which very fine 
raw thermoelectric semiconductor materials were sintered. 

In addition, in the formation of the compact 12, slow cooling foils of raw 
thermoelectric semiconductor material 10 having a large thickness and large width are 
layered in the direction approximately parallel to the direction of the plate thickness, and 
subsequently solidified and formed. Therefore, the interstices between the raw 
thermoelectric semiconductor materials 10 can be easily reduced, and it becomes possible 
to increase density of the compact 12 to approximately 99.8% or higher of the density of 
an ideal crystal structure of the complex compound semiconductor of the same 
composition. 

Furthermore, no or only little amount of Te rich phase in the raw thermoelectric 
semiconductor material 1 0 is converted to a liquid phase during sintering. Therefore, the 
compact 12 is formed so as to maintain the textual structure of a complex compound 
semiconductor phase having the composition of Bi2Tej and Bi2Se3 dispersing 
microscopic Te rich phases including excess Te in the above-described compositions. In 
addition, together with heating during the sintering process, the Te rich phases partially 
occur in the interfaces between the slow cooling foils as raw thermoelectric semiconductor 
materials 10. 

After that, in the plastically deforming process IV, a plastic working device 1 3 is 
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prepared to comprise an air-tight container, not shown, that can hold a low oxygen 
concentration atmosphere, for example, having partial pressure of oxygen no higher than 
0*2 Pa by a reduction gas atmosphere, an inert gas atmosphere or a vacuum. In such a 
container, as shown in FIGS. 8 A, 8B, and 8C, a pair of restricting members 1 5 in plate 
form having approximately parallel surfaces opposed to each other are placed intervening 
a predetermined spacing at either side of a base 14. The spacing corresponds to the 
width of the above-described compact 12 (dimension of the compact 12 in one axial 
direction of the two axial directions crossing in a plane perpendicular to the main layering 
direction of raw thermoelectric semiconductor materials 10 forming the compact 12). 
Inner side of the restricting members 1 5 placed in the lateral direction, a punch 16 is 
placed so that it can slide in the upward and downward directions. In addition, by a 
vertical driving unit, not shown, along with being added with a load, the punch 16 can 
be lowered from the upper position above the restricting members 1 5 placed in the lateral 
direction to the lower position inside between the restricting members 15. Heating units 
are provided to predetermined positions of the base 14, restricting members 15, and punch 
16. As shown in FIG.8A, in a state where the punch 16 is pulled up to the upper position 
above the restricting members 15, the compact 12 formed in the solidification forming 
process ffl is placed in the center portion between the restricting members 1 5 so that the 
longitudinal direction of this compact 12 is vertically directed. At the same time, the 
compact 12 is arranged so that the layering direction of the raw thermoelectric 
semiconductor materials 10 forming the compact 12 (direction of arrow t, same as the 
direction of the plate thickness of the raw thermoelectric semiconductor material 10) is set 
to be parallel to the restricting members 15 placed in the lateral direction, and both sides 
of the compact in the direction of the width are placed so as to make contact with the inner 
surfaces of the restricting members 1 5 placed in the lateral direction. Next, along with 
heating the compact 12 at a temperature that is no higher than 470°C, preferably no higher 
than 450°C by the heating units, pressure of a predetermined load is applied to the 
compact 12 by lowering the punch 16 by the vertical driving unit as shown in two-dot 
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chain lines of FIG. 8 A. As a result, as shown in FIG.8C , the compact 12 is plastically 
deformed so as to be expanded in a uniaxial direction parallel to the layering direction of 
raw thermoelectric semiconductor materials 10, and a thermoelectric semiconductor 
material 17 of rectangular solid is manufactured. 

In the above-described plastic working device 13, when a pressing force is applied 
from above to compact 12 by punch 16, since deformation of the compact 12 in the 
direction of its width is restricted by the restricting members 15 placed in the lateral 
direction, deformation of the compact 12 is allowed only in the direction parallel to the 
restricting members 1 5, that is to say, in the layering direction of raw thermoelectric 
semiconductor materials 1 0 (in the direction of arrows t), and therefore a shear force is 
applied in a uniaxial direction parallel to the layering direction. As a result, in the slow 
cooling foils of raw thermoelectric semiconductor material 10 constructing the compact 12 
before the above-described plastic deformation, interfaces of layers are deformed and 
adjacent layers are integrated to each other. Crystal grains being oriented so that C face 
of the hexagonal structure extend in the direction parallel to the direction of the plate 
thickness of raw thermoelectric semiconductor materials 10 in the compact 12, are 
plastically deformed to be flattened in the direction in which the shear force is applied, 
and are oriented so that the cleavage planes are perpendicular to the direction of the 
pressure. 

Accordingly, as shown in FIG.9A, in the texture of thermoelectric semiconductor 
material 17 formed after the plastically deforming of the compact 12, crystal grains are 
oriented as schematically shown in FIG.9B. The crystal grains 1 1 are respectively 
deformed so that C face of the hexagonal structure extends in the expanding direction of 
the compact 12, that is to say, in the direction parallel to the layering direction of raw 
thermoelectric semiconductor materials 1 0 in the compact 1 2 before the deformation (in 
the direction of arrows t). At the same time, most of the crystal grains 1 1 are oriented so 
that the direction of c-axes are aligned in the direction of compression (in the direction of 
arrows p) in the plastically forming process. The hexagons in FIG. 9B only indicate the 
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orientation of the crystal grains 1 1 , but do not reflect the actual sizes of the crystal grains 

11. j 

During the plastically deformation of the compact 12 in the plastic working device 
13, strong outward stress is applied to the restricting members 1 5 placed in die lateral 
direction. Therefore, as shown in FIG. 8D, a fixing position ring 15a may be provided 
so as to surround the outer periphery of the restricting members 15 placed in the lateral 
direction. By this configuration, the stress [that is applied to the restricting members 15 
placed in the lateral direction may be endured by the fixing position ring 15a. 

As described above, in the N type 4ennoelectric semiconductor material 17 of the 
present invention, by slowly cooling and sofidifying molten raw alloy 8 using rotational 
roll 9 9 crystal grains 1 1 are oriented in the direction of the plate thickness, and made iong 
to extending throughout entire plate thickness, and thereby have an improved crystalline 
orientation. In addition raw thermoelectric semiconductor materials 1 0 have a structure 
in which Te rich phases are precipitated, as hetero phase low melting point, in the crystal 
grains or grain boundaries. Along with mi interning the crystalline orientation and the 
textual structure comprising Bi2<Te-Se)3 based complex compound semiconductor phases 
dispersing the above-described Te-rich phase, the raw thermoelectric semiconductor 
materials 10 are solidified and formed to form the compact. The compact is expanded 
only in a uniaxial direction approximately parallel to the direction of the plate thickness 
of the raw thermoelectric semiconductor material 10, that is, the layering direction of the 
raw thermoelectric semiconductor material 10. Because of the above-described 
configuration, in the N type thermoelectric semiconductor material, crystal strain is 
generated by me presence of the hetero phase within crystal grains and grain boundaries, 
as well as by the presence of grain boundaries. By the generation of the crystal strain, 
thermal conductivity can be reduced. In addition, since the directions of c-axes and 
extending directions of C face of the hexagonal structure of the crystal grains 1 1 are 
approximately uniformly oriented throughout the entire body of the thermoelectric 
semiconductor material 17, thermoelectric performance (of which the Figure-of-Merit is 
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Z) can be enhanced by setting the direction (or conveying a current and heat to the 

extending direction of C face of the crystal grains 1 1 . 

i 

As shown in FIG. 4, the circumferential velocity of rotational roll 9 is set at a rate 
as low as 5 m/sec, so that raw thermoelectril semiconductor materials 10 having thickness 
of no less than 30 can be achieved. Byl using a rotational roll of the above-described 
low speed rotation, the thermal conductivityj (k) of manufactured thermoelectric 
semiconductor material 17 can be increasedjcompared to the case using raw thermoelectric 
semiconductor material 1 0 made by the rotational roll 9 of high rotational speed. As 
shown in FIG. 10, the above description is cjlearly shown in the relationship, between the 

i 

rotational speed of rotational roll 9 during title manufacture of slow cooling foils as raw 
thermoelectric semiconductor materials 10, land the thermal conductivity (k) of the 
thermoelectric semiconductor material 17 nianufectured from the raw thermoelectric 
semiconductor materials 10 through the abofve-described process. 

In addition, as shown in FIG. 1 1, J it is clearly indicated by the relationship 
between the rotational speed of rotational rctll 9 during manufacturing slow cooling foils 
as raw thermoelectric semiconductor materials 10 and electric conductivity (a) of 

manufactured thermoelectric semiconductor material 17, by using a rotational roll of the 

I 

low rotational speed like the above described value, electric conductivity (a) of 
manufactured thermoelectric semiconducto! material 17 can be increased, compared to the 
case using raw thermoelectric semiconductor materials 10 produced by a rotational roll 9 
of high rotational speed. 

Furthermore, as shown in FIG. 12, [is it is clearly indicated from the relationship 
between the rotational speed of the rotational roll 9 during manufacturing the slow cooling 
foils as raw thermoelectric semiconductor Materials 10 and the Seebeck coefficient (a) of 

manufactured thermoelectric semiconductojr material 17, by using a rotational roll of the 

i 

low rotational speed like the above described value, the Seebeck coefficient (a) of 
manufactured thermoelectric semiconductor material 17 can be increased, compared to the 
case using raw thermoelectric semiconduct >r materials 1 0 produced by a rotational roll 9 
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of high rotational speed. 

Moreover, as shown in FIG. 1 3, as ik is clearly indicated from the relationship 
between the rotational speed of rotational ro 1 9 during manufacturing slow cooling foils 
as raw thermoelectric semiconductor materials 10 and the concentration of the carriers of 
manufactured thermoelectric semiconductor 1 material 1 7, by using a rotational roll of the 
low rotational speed like the above described value, the concentration of the carriers of 
manufactured thermoelectric semiconductor material 17 can be increased, compared to the 
case using raw thermoelectric semiconductc r materials 10 produced by a rotational roll 9 



Accordingly, as shown in FIG. 14, as it is clearly indicated from the relationship 
between the rotational speed of the rotational roll 9 during manufacturing slow cooling 
foils as the raw thermoelectric semiconductlr materials 10 and the Figure-of-Merit (Z) of 
manufactured thermoelectric semiconductor material 17, 
in the thermoelectric semiconductor material 17 manufactured, through the 
above-described procedures, from the raw thermoelectric semiconductor material 10 that 
has been manufactured by the rotational roll 9 of slow speed, the Figure-of-Merit (Z) is 
increased compared to the case using the raw thermoelectric semiconductor materials 1 0 
produced by a rotational roll 9 of high rotational speed. 

Furthermore, as shown in FIG. 4, A the above-described thermoelectric 
semiconductor material 1 7 according to the present invention, the thickness of the slow 
cooling foils manufactured as raw thermoel sctric semiconductor materials 10 can be 
increased by slowing the rotational speed of rotational roll 9, and thereby the specific 
surface area can be reduced. As a result, as it is clear from FIG. 15 showing a 
relationship between the thickness of slow tooling foils as raw thermoelectric 



semiconductor materials 1 0 and the oxygen 



concentration, measured by an infrared 



absorption method, contained in the raw thermoelectric semiconductor materials 1 0, 
oxidization of raw thermoelectric semiconductor materials 10 can be restricted and the 
oxygen concentration in thermoelectric sentf conductor material 17 manufactured from the 



i 
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taw thermoelectric semiconductor materials jlO can be reduced. 

In addition, as shown in FIG. 5, the jwidth of the slow cooling foils manufactured 
as the raw thennoelectric semiconductor materials 10 can be increased by slowing the 
rotational speed of rotational roll 9, and thereby the specific surface area can be reduced. 
As a result, as it is clear from FIG.16 showing the relationship between the width of slow 
cooling foils as raw thermoelectric semiconductor materials 10, and the oxygen 
concentration, measured by an infrared absorption method, contained in the raw 
thermoelectric semiconductor materials 10, j oxidization of the raw thermoelectric 
semiconductor materials 10 can be restricted in the same manner as described above, and 
the oxygen concentration in manufactured thermoelectric semiconductor material 17 can 
be reduced. 

Accordingly, as it is clear from Fid. 17 showing the relationship between the 
rotational speed of the rotational roll 9 and oxygen concentration in thermoelectric 
semiconductor material 17, the oxygen concentration contained in manufactured 

i 

thermoelectric semiconductor material 17 cin be reduced by slowing the rotational speed 

s 

of the rotational roll 9. Therefore, it is possible to prevent lowering of the electric 
conductivity (o) due to oxidation. 

Therefore, as it is clear FIG. 18 showing the relationship between the oxygen 
concentration in slow cooling foils as raw thermoelectric semiconductor materials 10, and 
the Figure-of-Merit, by reducing the oxyg4 concentration contained in manufactured 
thermoelectric semiconductor material 17, &e thermoelectric performance of the 

j 

thennoelectric semiconductor material 17 clan be increased, 

i 

The electric conductivity (o) and ttje Seebeck coefficient (a) of the 
above-described manufactured N type thennoelectric semiconductor material 17 can be 
controlled, by adjusting the ratio of Te to in the Bi 2 (Te-Se)3 based composition, which 



is the standard for N type thennoelectric semiconductor compositions. 

i 

FIG. 19 is a flow chart showing another embodiment of a manufacturing method 
for a thennoelectric semiconductor material of the present invention. In this embodiment, 
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in plastically deforming process IV during the manufacturing procedure of a 
thermoelectric semiconductor material in the same manner as described above, when a 
compact 1 2 is pressed, and a shear force is applied in a uniaxial direction parallel to the 
layering direction of the slow cooling foils df the raw thermoelectric semiconductor 
materials 10, so that the compact is plastically deformed to a predetermined form, one or 
more times of omnidirectional hydrostatic pressure process IV-2 may be carried out 
during the process of the uniaxial shear forcfe applying process IV-1 for plastically 
deforming an object, for example, at the time in which ratio of deformation is low. In 
the omnidirectional hydrostatic pressure process IV-2, during the plastic deformation of 
the compact 12, deformation of the compact 12 is temporarily restricted by contact with 
planes placed in the direction of deformatioh, and at that stale, a pressure is continuously 
applied over a given period of time. i 

Accordingly, when the above-described omnidirectional hydrostatic pressure 
process IV-2 is carried out, as shown in FIQS. 20A, 20B, and 20C, within a plastic 
working device 13 having similar configuration as shown in FIGS. 8 A, 8B, and 8C, a pair 
of front and rear restricting members 1 8, each having approximately parallel surface 
opposed to each other intervening a piedete mined spacing are provided at positions 
between restricting members IS at the lateral sides so as to form a configuration in which 
the space between the above-described restricting members 15 placed in the lateral 
direction is closed on the anteroposterior sides. When a compact 12 formed in 
solidification forming process HI is placed jn the center portion of the inside between the 
above-described restricting members 1 5 plated in the lateral direction so that the layering 

direction of the raw thermoelectric semiconductor materials 10 constructing the compact 

i 

12 is parallel to the surfaces of restricting njembers 15 placed in the lateral direction, a 
predetermined gap is formed between the above-described compact 12 and front and rear 
restricting members 1 8 so as to provide a space for deformation of the compact. In 
addition, a punch 1 6a having a plane form corresponding to the space surrounded by the 
above-described restricting members 15 ancl 18 at lateral and anteroposterior sides, is 
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provided so as to be moveable in the upward and downward directions within the 
above-described space by a vertical driving unit, not shown* Furthermore, heating units, 
not shown, are provided at predetermined positions on base 14, restricting members 1 5 
and 18, and punch 16a Along with prepaijing a plastic working device 13a having 
above-described configuration, a plastic working device 13 shown in FIGS. 8 A, 8B, and 
8C, is also prepared. 

When a plastic working process IV is carried out, firstly, as shown in FIGS. 20A 
and 20B, compact 12 formed in solidificatidn forming process III is placed in the center 
portion between restricting members 15 placed in the lateral direction in the plastic 
working device 13a. After that, temperature conditions and pressure conditions are 
adjusted as same as in the above-described plastically deforming process IV, and punch 
16a is lowered by the vertical driving unit so that pressure is applied to the compact 12 
from above by the lowering punch 1 6a. Then, as shown by two-dot chain lines in FIG. 
20A, since the two sides in the direction of ihe width of the compact 1 2 are restricted by 
restricting members 15 placed in the lateral direction, shear force is applied in a uniaxial 
anteroposterior direction approximately parallel to the layering direction of the raw 
thermoelectric semiconductor materials 10 forming the compact. As a result, the 
compact is plastically deformed and flattened in the anteroposterior direction. Thus, a 
uniaxial shear force applying process IV-1 is carried out After that, plastic deformation 
continues in the anteroposterior direction, and thereby, as shown in FIG. 20C, the 
plastically deformed body of the compact 12 is made to be contacted with the front and 
rear restricting members 18. In this state, when further pressure is applied from above by 
the punch 16a, the deformed body of the compact 12 is restricted by the restricting 
members 15 placed in the lateral direction & two sides in the direction of the width, and 



also restricted by restricting members 1 8 at 



two sides in the anteroposterior direction, and 



thereby prevented from deformation. Therefore, pressure provided by the punch 1 6a is 
applied to the deformed body of the compact 12 as omnidirectional hydrostatic pressure. 
As described above, the omnidirectional hydrostatic pressure process IV-2 is carried out 
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After that, the plastically deformed body of compact 12 which has been expanded 

(plastically deformed) in the anteroposterior direction until it contacts front and rear 

i 

restricting members 1 8, is taken out from thfe plastic working device 13a, and the 
plastically deformed body of the compact 12 is placed in the center portion between 
restricting members 1 5 placed in the lateral jlirection of plastic working device 13 in the 
same manner as described in reference to nfes. 8A, 8B, and 8C. After that, punch 1 6 

is lowered so as to press further the plastically deformed body of the above-described 

j 

compact 12 from above, and thereby, the plastically deformed body of the compact 12 is 

I 

further expanded by applying a shear force in the anteroposterior direction, which is an 
uniaxial direction approximately parallel to the layering direction of raw thermoelectric 



semiconductor materials 10 constructing thi compact 12 before plastic deformation. 

j 

Thus, the uniaxial shear force applying pnxiess IV- 1 is carried out, and thermoelectric 

i 

semiconductor material 17 is manufactured) 

The above-described omnidirectional hydrostatic pressure process IV-2 may be 
carried out two or more times. In this caje, a plurality of plastic working devices 13a, 

in which the distance between front and rear restricting members 18 increases step by step, 

t 

are prepared and the devices are sequentially used from the one having smallest distance 

i 

between front and rear restricting members jl 8 is the smallest to the one having the largest 

i 

distance between front and rear restricting members 18. Pressure is applied to the 

i 

compact 12 formed in solidification forming process HI from above by lowering the punch 
16a in the same manner as described above] and thus, a shear force is applied in a uniaxial 
direction approximately parallel to the layering direction of raw thermoelectric 
semiconductor materials 10. As a result, the compact is plastically deformed so that the 

amount of deformation from the initial state sequentially increases. After that, 

i 

omnidirectional hydrostatic pressure is applied in a state in which deformation is restricted 
by front and rear restricting members 1 8, arid finally, the compact may be plastically 

deformed so as to expand in the anteroposterior direction by the plastic working device 13 

j 
i 

not having the front and rear restricting members 18. 
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In this case, by caring out the above-described omnidirectional hydrostatic 
pressure process IV -2 on a compact 12 during plastic deformation in the uniaxial shear 

i 

force applying process 1V-1 , the density of the above-described compact 1 2 during plastic 

deformation can be increased. Therefore, a possibility of occurrence of buckling is 

i 

prevented in the compact 12 on which the plastically deforming process is finally carried 
out in the plastic working device 13. In addition, two end portions of the compact 12 in 
the anteroposterior direction, which are the end portions in the direction of plastic 
deformation, are pressed against front and rtar restricting members 1 8, and thereby, the 
forms of the two end portions in the anteroposterior direction, of the compact 12 are 
adjusted at a stage during plastic defonnatio du Thus, the deformation rate of the compact 



12 can be made uniform, and therefore, it is 



possible to enhance the homogeneity of the 



front and rear restricting members 1 8, there 
crystal grains 1 1 may be slightly disordered 
anteroposterior direction. Whereas, final!) 



texture of manufactured thermoelectric sem conductor material 17. 

When the omnidirectional hydrostatic pressure process F/-2 is carried out, due to 
the contact of the end portions of die compa ct 12 in the anteroposterior direction with 



is a possibility that the orientation of C face of 
in the end portions of the compact 12 in the 
in plastic working device 13, a shear force is 
applied in a uniaxial direction approximately parallel to the layering direction of raw 
thermoelectric semiconductor material 10 constructing the compact 12 so that the compact 
is expanded without restriction in the anteroposterior direction. 
Therefore, it is possible to uniformly align the direction of C face and the direction of 
c-axis of crystal grains 1 1 even in the end portions in the anteroposterior direction of 

manufactured thermoelectric semiconductor material 17. 

» 

Furthermore, in a manufacturing method for a thermoelectric semiconductor 
material of the present invention, as shown in FIG. 19, a stress strain processing process V 
is provided as the process after the above-described plastically deforming process IV. In 
the stress strain processing process V, the thermoelectric semiconductor material 17, 

i 

manufactured and plastically deformed into a predetermined form in plastically deforming 
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process IV may be maintained at a predetenhined temperature, for example at a 

i 

temperature from 350°C to 500°C, for a pieo^termined period of time, for example, for 30 

i 

minutes to 24 hours so that dislocations or vacancies of crystal lattice are reduced or 



reconstructed as a result of beat treatment. 



As a result, stress strain wich is generated as 



a result of die plastic deformation in the plastically deforming process IV and remains in 

i 

the structure of thermoelectric semiconductor material 17 may be eliminated It is clear 
that the same effects can be obtained in the stress strain processing process V even when 
the temperature condition is maintained for 24 hours or more. 

Moreover, a defect concentration controlling process VII may be provided as the 
process after the above-described stress strain processing process VL By holding the 
thermoelectric semiconductor material 17, from which residual stress strain has been 
removed in the above-described stress strain processing process VI, at a predetermined 
temperature for a predetermined period of time in the defect concentration controlling 
process VII, the concentration of defects m the thermoelectric semiconductor material 
17may be changed, and therefore, the electric conductivity (a) and the Seebeck coefficient 

r 

(a) may be controlled ! 

The thermoelectric semiconductor material 17 manufactured in the plastically 
deforming process IV retains a structure of raw thermoelectric semiconductor materials 10 
constructing the compact 12, namely Bi2<Td-Se)3 based complex compound 
semiconductor including hetero phases (Te rich phases) in the crystal grains or in the grain 
boundaries. Since the excess Te is a compbnent of the Bi2(Te-Se)3 based thermoelectric 
semiconductor, when the above-described thermoelectric semiconductor material 17 is 
heat treated, the excess Te reacts with the main component of Bi 2 (Te*Se)3 based 

i 

semiconductor, and fill in the defects of the jmain component When a slight amount of 
dopant such as Ag is introduced in the main! component, performance changes largely. 
Such dopant has a large influence even wheh it is distributed in the grain boundaries. 
Performance may change largely, if the dopant diffuse into the main component portion 
by the use at a high temperature or by a heat treatment. It is considered that the change 

i 
I 

i 

j 



2005 1 1/07 17:07 FAX 03 5288 5833 JUT 4YlUr Ml @054/055 



K8 



in the concentration of defects in thermoelectric semiconductor material 17 due to the 

excess Te can provide effects which cancel 6r accelerate the effects of the dopant 

i 

Next, as manufacturing method for a thermoelectric semiconductor element 

according to the present invention, a case ini which N type thermoelectric semiconductor 

i 

element 3a is manufactured using N type thermoelectric semiconductor material 1 7 
manufactured in accordance with the embodiments shown in FIGS. 1 to 18 is described in 
the following. 

In this case, in the N type thermoelectric semiconductor material 17, the extending 
direction of C face and the direction of c-axis of the hexagonal structure of crystal grains 

i 

1 1 are uniformly aligned throughout the entire structure. Therefore, 



considering the orientation of crystal grains 



1 1 having uniform orientation, thermoelectric 



semiconductor element 3 a is formed by being cut out from the materi al, so that the 
direction in which a current and heat are conveyed can be set in the extending direction of 

C face in the hexagonal structure of crystal grains 11. 

i 
i 

In the N type thermoelectric. semiconductor material 17, as shown in FIG. 9B, C 
face of the hexagonal structure in each crystjal grain extends in the direction of expansion 

of the compact 12 during plastic defonnatioL (direction of arrow t), and c-axis is oriented 

i 

approximately in the direction of pressure (direction of arrow p) during the plastic 
deformation. Therefore, first, as shown in jthe upper portion of FIG. 21, at predetermined 
spacing position in the direction of expansiojn of the compact 1 2 during the plastic 
deformation (direction of arrow t), the thermoelectric semiconductor material 1 7 is sliced 
along a plane perpendicular to the direction of expansion, and a wafer 19 is cut out, as 



shown in the middle of FIG. 21 . 

As a result, C face of the hexagonal 



structure of crystal grains 11 is oriented in the 



direction of the thickness of the above -described wafer 19. 

Next, a conductive material processed surfaces 20 are formed by processing the 

i 

both end surfaces of the wafer 19 , for example, by a plating process by a plating device, 
not shown. Subsequently, as shown by tw6-dot chain lines in the middle portion of FIG. 
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i 

i 

21 , the wafer 1 9 processed with conductive irialerial is cut along two planes: a plane 
perpendicular to the direction (direction of atfow p) in which compact 1 2 is pressed during 
the manufacture of the thermoelectric semiconductor material 1 7; and a plane defined by 
two axes of the direction of pressing (direction of arrow p) and the direction of expansion 
(direction of arrow t) during the manufacture Jof the thermoelectric semiconductor material 
17. Thus, a rectangular solid form, as shdwn in the lower portion of FIG. 21 is cut out 
(diced), and thereby the N type thermoelectric semiconductor element 3a is manufactured. 

As a result, the above-described N type thermoelectric semiconductor element 3a 
has a crystal structure in which, as shown in! the lower portion of FIG. 21, C face of the 
hexagonal structure of crystal grains 1 1 extends throughout long length in the direction (as 

shown by arrow t in the figure, the same direction as the direction of expansion of the 

j 

thermoelectric semiconductor material 17 during the manufacture) of a pair of opposing 
surfaces 20 which are processed with a conductive material. The pair of the surface 20 
correspond to conductive material processed surfaces 20 of the wafer 19 processed with a 
conductive material. In addition, c-axes of crystal grains 11 extend in the direction of 
pressing (direction of arrow p in the figure) {during the manufacture of the thermoelectric 
semiconductor material 1 7 among the two axial directions perpendicular to the conductive 
material processed surface 20. 

Accordingly, by attaching a metal electrode (not shown) to the above-described 
conductive material processed surface 20, an jN type thermoelectric semiconductor 
element 3a having excellent thermoelectric performance can be obtained, by making the 
element to have a textual structure in whichjthe direction of c-axis, as well as the direction 
of C face of the hexagonal structure of the ctystal grains 1 1 are uniformly oriented, and 
allowing the current and heat to be applied in! the direction of C face of the hexagonal 
structure of the above-described crystal graij n s 11. 

Next, a case in which a P type thermoelectric semiconductor material is 

manufactured is described. In this case, to! prepare a stoichiometric composition of a raw 

I 

alloy of an P type thermoelectric semiconductor in a component mixing process I shown 



1 1 
. i 
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in FIG.l, Bi, Sb and Te are weighed so that the raw alloy contains 7 to 10 atomic % of Bi, 
30 to 33 atomic % of Sb, and 60 atomic % of Te. Hie weighed metals are mixed to 
obtain a (Bi-Seh Te 3 based composition. Furthermore an excess Te is aided so that 0.1 
to 5% by weight of Te is contained in the entire (Bi-Se>2 Te3 based component, and thus 
an alloy having excess Te is prepared. At that time, a predetermined amount of dopant 
for forming a P type thermoelectric semiconductor, such as Ag or Fb may be added. 

Subsequently, in the same manner as in the case for manufacturing 
above-described N type thermoelectric semiconductor material 17, in slow cooling foil 
manufacturing process II using a device shown in FIO.2, molten alloy 8 of the metal 
mixture that has been mixed in the above-described component preparing process I is 
supplied from a nozzle of melting crucible 6, having a diameter of 0.5 mm to a surface of 
rotational roll 9 slowly rotating at a circumferential velocity of 5 m/sec or less, preferably 
at a circumferential velocity of 2 m/sec or less, so as to be slowly cooled and solidified, 
and thereby, plate shaped raw thermoelectric semiconductor materials 10 (slow cooling 
foil) are manufactured. 

The circumferential velocity of rotational roll 9 is set at 5 m/sec or less, preferably 
2 m/sec or less. By using such velocity, in the same manner as in the case for forming 
the N type raw thermoelectric semiconductor material 10, the slow cooling foils are 
manufactured to have a thick thickness of 30 \im or more, preferably, the slow cooling 
foils are formed to have a thickness of no less than 70 pm, and thereby, raw thermoelectric 
semiconductor materials 10 having an excellent crystalline orientation and large crystal 
grains 1 1 extending throughout almost entire plate thickness can be obtained. At the 
same time, the widths of the slow cooling foils manufactured as raw thermoelectric 
semiconductor material 10, are increased, the volume of a single piece of the raw 
thermoelectric semiconductor material 10 is increased, and thereby the specific surface 
area of the piece can be reduced. 

As a result, in the same manner as the above-described N type raw thermoelectric 
semiconductor material 1 0, when the P type raw thermoelectric semiconductor material 1 0 
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is cooled on rotational roll 9, the crystal structures of the complex compound 
semiconductor phases of BitTty and St^Tej are respectively solidified and crystallized, in 
which crystalline orientation is aligned in the direction of the plate thickness. At the 
same time, Te rich phases including excess Te in the composition of Bi 2 Te3 or SbiTe* are 
microscopically dispersed as a non-amorphous separated phase in the crystal grains and 
grain boundaries of the respective complex compound semiconductor phases of BfcTea 
and Sb2Te 3 . Thus a raw thermoelectric semiconductor material 10 that is thought to 
have a structure having crystal strain by precipitation of hetero phase (Te-rich phase) or by 
nucleation of hetero phase nuclei within crystal grains and grain boundaries of the 
(Bi-Sb^Tej based complex compound semiconductor, can be achieved. In this raw 
thermoelectric semiconductor material 10, in the same maimer as that shown in FIG. 3, 
crystal grains 1 1 extend in approximately the direction of the plate thickness, and the 
crystal grains have a length almost corresponding to the plate thickness. Powder 
particles may be removed in advance by sieving from the raw thermoelectric 
semiconductor materials, before the following solidification forming process HI. 

Subsequently, in solidification forming process HI, slow cooling foils of P type 
raw thermoelectric semiconductor materials 10 manufactured in the slow cooling foil 
manufacturing process II, are layered in the direction approximately parallel to the 
direction of the plate thickness, and are packed in a mold, not shown. After that, the 
layered body is sintered under the same pressure and temperature conditions by a 
multistage heating method in the same manner as the manufacturing process of compact 
12 having the N type composition. As a result, the layered raw thermoelectric 
semiconductor materials 10 are plastically worked, solidified and formed so that the 
respective pieces of raw thermoelectric semiconductor materials 10 are made to make 
contact with each other and the interstices between the raw thermoelectric semiconductor 
materials are eliminated. Thus, a compact 12 in rectangular solid form in the same 
manner as those shown in FIGS. 7 A, 7B, and 7C is manufactured 

As a result, no or only little limited amount of Te rich phases which have been 
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formed in the P type raw thermoelectric semiconductor material 10 are converted to liquid 
phases during sintering. Therefore, the compact 1 2 is formed mai nt aining a structure 
comprising complex compound semiconductor phases having the composition of Bi 2 Te3 
and St^Tea microscopically dispersing Te rich phases containing excess Te m the 
above-described compositions. 

Subsequently, in a plastically deforming process IV, in the same manner as in the 
case for manufacturing the N type thermoelectric semiconductor material 1 7, using a 
plastic working device 13 as shown in FIG. 8 A, 8B, 8C, and 8D, along with hating the 
compact 12 at a temperature no higher than 500°C, preferably, no higher than 350°C, the 
compact is plastically deformed so as to expand in a uniaxial direction approximately 
parallel to the layering direction of the raw thermoelectric semiconductor materials 10,. 
and thereby, P type thermoelectric semiconductor material 17 is manufactured. The 
abovfr-described temperature condition for beating is varied depending on the excessive 
amount of Te, and the processing temperature is increased with decreasing amount of 
excess Te. 

As a result, by applying shear force only in the layering direction of raw 
thermoelectric semiconductor materials 10, in the same manner as those shown in FIGS. 
9A and 9B, crystal grains 1 1 oriented in the direction of the plate thickness of the raw 
thermoelectric semiconductor material 10 in the compact 12 are plastically deformed so as 
to be flattened in the uniaxial direction in which the shear force is applied . In addition, 
the cleavage planes are oriented so as to be approximately perpendicular to the direction in 
which pressure is applied, and the compact is deformed so that C face of the hexagonal 
structure of each crystal grain 1 1 is extended in the direction of expansion (direction of 
arrow t in FIGS. 9A and 9B). At the same time, a P type thermoelectric semiconductor 
material 17 in which c-axes of most of crystal grains 11 are oriented in the direction of 
compression (direction of arrow p in FIGS. 9A and 9B) during the plastic deformation is 
formed. 

Accordingly, in the P type thermoelectric semiconductor material 17, crystal 
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strain is generated by the presence of the hetero phase within crystal grains and grain 
boundaries, as well as by the presence of grain boundaries* By the generation of the 
crystal strain, thermal conductivity (k) can be reduced In addition, since the directions 
of c-axes and extending directions of C face of the hexagonal structure of the crystal 
grains 1 1 are approximately uniformly oriented, thermoelectric performance (of which the 
Figure-of-Merit is Z) can be enhanced by setting the direction for conveying a current and 
heat to the extending direction of C face of the crystal grains 11. 

Moreover, since the P type raw thermoelectric semiconductor material 10 is 
manufactured to have a large thickness and a large width, and therefore, have a small 
specific surface area, and is solidified and formed to manufecture P type thermoelectric 
semiconductor material 17, the oxygen concentration contained in the thermoelectric 
semiconductor material 17 can be reduced* Thus, a reduction in the electric conductivity 
(a) due to oxidation can be prevented. By this reduction, an the thermoelectric 
performance of thermoelectric semiconductor material 17 can also be improved. 

The electric conductivity (c) and the Seebeck coefficient (a) of the P type 
thermoelectric semiconductor material 17 can be controlled by adjusting the amounts of 
Bi and Sb in the (Bi-Sb>2Te3 based composition, which is the standard of the composition 
of P type semiconductors. In addition, during the manufacturing process of the P type 
thermoelectric semiconductor material 17, omnidirectional hydrostatic pressure process 
IV-2 in plastically deforming process IV shown in FIG. 1 9 may be carried out In 
addition, stress strain processing process V and defect concentration controlling process 
VI may be carried out as a post process of the plastically deforming process IV. 

Next, a case in which P type thermoelectric semiconductor element 2a is 
manufactured using the P type thermoelectric semiconductor material 17 manufactured by 
the above-described method is described. 

In this case, also in the above-described P type thermoelectric semiconductor 
material 17, in the same manner as N type thermoelectric semiconductor material 17 
shown in FIGS, 9A and 9B, throughout entire textual structure, C face of the hexagonal 
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structure of most of crystal grains 1 1 extend in the direction of expansion of the compact 
12 during the plastic deformation (direction of arrow t in FIGS. 9A and 9B), and the 
c-axes are almost oriented in the direction of the pressure during the plastic deformation 
(direction of arrow p in FIGS. 9A and 9B). Therefore, in the same manner as in 
manufacturing method for N type thermoelectric semiconductor element 3a shown in FIG. 
2 1 , firstly, as shown in the upper portion of FIG. 21, at predetermined spacing position in 
the direction of expansion of the compact 12 during the plastic deformation (direction of 
arrow t), the thermoelectric semiconductor material 17 is sliced along a plane 
perpendicular to the direction of expansion, and thereby a wafer 19 is cut out, as shown in 
the middle of FIG. 2 1 . After that conductive material processed surfaces 20 are formed 
by processing both end surfaces in the direction of thickness of the wafer 19 with 
conductive material. Subsequently, by cutting the wafer 1 9, a P type thermoelectric 
semiconductor element 2a of a rectangular solid form can be manufactured in the same 
manner as the N type thermoelectric semiconductor element 3a shown in the lower portion 
of FIG. 21. 

As a result, the P type thermoelectric semiconductor element 2a has, in the same 
the above-described N type thermoelectric semiconductor element 3a, a crystal 
structure in which Cfece of the hexagonal structure of crystal grains 11 extends 
throughout long length in the direction of a pair of opposing surfaces 20 which are 
processed with a conductive material. In addition, c-axes of crystal grains 1 1 extend in 
the direction of pressing (direction of arrow p) during the manufacture of the 
thermoelectric semiconductor material 17 among the two axial directions perpendicular to 
the conductive material processed surface 20. Therefore the P type thermoelectric 
semiconductor element has an excellent thermoelectric performance. 

As another embodiment of the present invention, a thermoelectric module that 
uses P type and N type thermoelectric semiconductor elements 2a and 3a that have been 
manufactured in accordance with the above-described method of the present invention, 
and manufacturing method of the thermoelectric module are described. 
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FIG. 22 shows thermoelectric module 1 a of the present invention, which 
comprises a FN element pair as in the same manner as a conventional thermoelectric 
module 1 shown in FIG. 27. In the formation of the PN element pair, the P type 
thermoelectric semiconductor element 2a and N type thermoelectric semiconductor 
element 3a respectively manufactured by the method of the present invention are 
arranged so that the elements are aligned in the direction perpendicular both to the 
extending direction of C face and the direction of c-axis of hexagonal structure of the 
crystal grains 1 1 . Conductive material processed surfaces of the thermoelectric 
semiconductor elements 2a and 3a opposed to each other in the extending direction of C 
face of the crystal grains are joined via a metal electrode 4. 

As a result, in the above-described thermoelectric moduie i a of the present 
invention, current and heat can be conveyed in the extending direction of C face of the 
crystal grains 1 1 of the P type thermoelectric semiconductor element 2a and N type 
thermoelectric semiconductor element 3a, in which the extending direction of C face and 
the direction of c-axis of crystal grains 11 are approximately uniformly oriented. 
Therefore, thermoelectric module la having an excellent thermoelectric performance can 
be achieved 

In addition, when thermoelectric cooling, thermoelectric heating, thermoelectric 
power generation, and the like are carried out using the above-described thermoelectric 
module 1 a, expansion or contraction of die metal electrode 4 accompany temperature 
deviation. Therefore, to adjacent P type and N type thermoelectric semiconductor 
elements 2a and 3a joined via a metal electrode 4, stress is applied in the direction in 
which the elements come close to each other, or move away from each other. While in 
the above-described thermoelectric module, when a PN element pair is formed as shown 
in FIG.22, adjacent thermoelectric semiconductor elements 2a and 3a joined via a metal 
electrode 4 are arranged in the same plane as the direction of C face of crystal grains 11. 
Terefore, stress caused by expansion or contraction of the metal electrode 4 can be applied 
to respective crystal grains 1 1 only in the direction parallel to C plan. Accordingly, even 
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when the stress is applied, interiayer peeling of the crystal grains 1 1 in the hexagonal 
structure in the respective structures of thermoelectric semiconductor elements 2a and 3a 
can be prevented, and thus, the damage to the thermoelectric semiconductor elements 2a 
and 3 a due to cleavage can be prevented, and therefore, strength and durability of die 
thermoelectric module 1 a can be enhanced. When a PN elemental pair is formed, as a 
comparative example as shown in FIG.23 , by aligning the P type and N type 
thermoelectric semiconductor elements 2a and 3a in the direction of c-axis in the 
hexagonal structure of crystal grains 11; and joining respective thermoelectric 
semiconductor elements 2a and 3 a via metal electrode 4, the stress caused by expanding or 
contracting deformation of the metal electrode 4 due to thermal deviation is applied 
respectively to the thermoelectric semiconductor elements 2a and 3a in the direction of 
c-axis of crystal grains 1 1 . Accordingly, the stress works to peel the layers in the 
hexagonal structure of these crystal grains 11. In such a case, the damage to 
thermoelectric semiconductor elements 2a and 3a due to cleavage may be easily occur. 
Such occurrence of damage can be prevented in the above-described thermoelectric 
module la of the present invention. 

The present invention is not limited only to the above-described embodiments. 
In the solidification forming process III in the manufacturing method for a thermoelectric 
semiconductor material, the above description shows a processing condition for 
solidifying and forming (sintering) the raw thermoelectric semiconductor material 10 at a 
temperature no lower than 380°C and no higher than 500°C, preferably, a no lower than 
420°C and no higher than 450°C, is maintained for 5 seconds to 5 minutes. While, it is 
also possible to sinter raw thermoelectric semiconductor materials 1 0 for a long period of 
time at a temperature no higher than 400°C. 

When temperature conditions and heating time may be set so that segregation, dropping of 
separated phase, and liquid phase precipitation, or the like of the Te rich phases having a 
low melting point and are dispersed in complex compound semiconductor phases do not 
completely occur, it is possible to form a compact 12 through plastic deformation by 
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applying pressure, rolling, or by extrusion. As a plastically processing device 13 used in 
plastically deforming process IV, a structure having a punch 16 which can be raised and 
lowered inside between restricting members 15 placed in the lateral direction is described. 
In this case, the compact 1 2 is placed in the middle portion inside the restricting members 
15 placed in the lateral direction, and this compact 12 is pressed from above by punch 16, 
and thereby, the above-described compact 12 is expanded toward the two anteroposterior 
sides in a uniaxial direction parallel to die layering direction of raw thermoelectric 
semiconductor material 10, While, as shown in FIGS. 24A and 24B, the plastically 
working device 13 may have a configuration in which an additional restricting member 
15b is provided in a position on one side of the base 14 between restricting members 15 
placed in the lateral direction to restrict the deformation (expansion) of compact 12 in 
forward and backward direction in one direction. In this case, when compact 1 2 is 
plastically deformed, compact 1 2 is firstly placed so as to be contacted with the restricting 
members 15 placed in the lateral direction and the restricting member 15b. 
Subsequently, the compact 12 is pressed from above by punch 16 as shown by two-dot 
chain lines in the upper portion of FIG. 21 , As a result, the compact 12 is expanded only 
in one direction opposite to the restricting member 1 5b. Plastically working device 1 3a 
used in omnidirectional hydrostatic pressure process IV-2 shown in FIGS. 20A, 20B, and 
20C may be provided with a fixing position ring 15a same as that shown in FIG. 8D, on 
the outer periphery of restricting members 15 placed in the lateral direction and front and 
rear restricting members 18. In this case, during the plastic deformation of the compact 
12, stress applied in the direction to the outside of the above-described restricting 
members 1 5 and 1 8 is received by the fixing position ring. When omnidirectional 
hydrostatic pressure process IV-2 is carried out two or more times, instead of preparing a 
plurality of plastically working device 13a having different spacing between front and rear 
restricting members 18, it is also possible to use a plastic working device 13a in which 
positions of front and rear restricting members 1 8 may be set to have selective spacing. 
While a composition of raw alloy for thermoelectric semiconductors is, in either case of P 
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type or N type, described to have excess Te added to stoichiometric composition of the 
thermoelectric semiconductor complex compound, it is also possible to add as excess 
composition, any element selected from Bi, Se, and Sb element instead of Te to the 
stoichiometric composition of the thermoelectric semiconductor complex compound A 
manufacturing method for a thermoelectric semiconductor material, a thermoelectric 
semiconductor element, and a thermoelectric module according to the present invention 
may be applied to the raw alloy having the stoichiometric composition of the 
thermoelectric semiconductor complex compound to which an excess Te is not added: In 
this case, improvement of thermoelectric performance can be expected due to an 
improvement of orientation of crystal grains 1 1 in the texture of thermoelectric 
semiconductor material 17. While Bi 2 (Te-Se)3 based, three element based composition 
was described as a stoichiometric composition of raw alloy forN type thermoelectric 
semiconductor, it is also possible to apply a manufacturing method for a thermoelectric 
semiconductor material, a thermoelectric semiconductor element, or a thermoelectric 
module to a raw alloy having a Bi2Tea based, two element based, stoichiometric 
composition or a four element based stoichiometric composition comprising (Bi-Sb^Tej 
based composition added with small amount of Se. While (Bi-Sb^Tei based, three 
element based composition was described as a stoichiometric composition of P type 
thermoelectric semiconductor complex compound, it is also possible to apply a 
manufacturing method for a thermoelectric semiconductor material, a thermoelectric 
semiconductor element, or a thermoelectric module to a raw alloy having a four element 
based stoichiometric composition comprising Bi2(Te-Se)3 based composition added with 
small amount of Sb, In the above description, plastically working device 1 3 and 1 3a are 
used when a thermoelectric semiconductor material 1 7 is manufactured through plastic 
deformation by applying a shear force to a compact 12 in which slow cooling foils of raw 
thermoelectric semiconductor materials 10 are layered in the direction of the plate 
thickness and are solidified and formed, in a uniaxial direction approximately parallel to 
the layering direction of the above-described thermoelectric semiconductor element 1 0. 
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A high pressure pressing device 2 1 with a pair of dies 22 that are moveable in the 
direction in which they come close to each other or they move away from each other as 
shown in FIG. 25A, or a rolling device 23 provide with a roller 24 as shown in FIG. 25B 
may be used to press the compact 1 2 in a uniaxial direction perpendicular to the layering 
direction while moving the compact in the main layering direction of raw thermoelectric 
semiconductor materials 10. In this case, since a friction is applied in the direction 
perpendicular to both the layering direction of the raw thermoelectric semiconductor 
material 10 and the direction of pressure application, the compact is not spread or even if 
it spreads, amount of deformation is limited to small value. Therefore, restricting 
members are not specifically required. Of course, a variety of modifications can be 
applied to the embodiments within the scope that does not deviate from the gist of the 
present invention. 

[Example] 

A thermoelectric module la was manufactured by forming a PN element pair of P 
type and N type thermoelectric semiconductor elements 2a and 3a manufactured by a 
manufacturing method for a thermoelectric semiconductor element of the present 
invention- The thermoelectric performance of the module was compared with that of a 
thermoelectric module manufactured in accordance with another method. 

As a result, the Figure-of-Merit, shown by solid circle • and open circle o in FIG. 
26, were obtained as the thermoelectric performance of thermoelectric module la 
manufactured in accordance with the present invention. 

The result indicates , it was found that high thermoelectric performance is gained 

according to the invention, 

As a result, thermoelectric module of the present invention indicates high 
thermoelectric performance in comparison with a case in which a P type thermoelectric 
semiconductor element and an N type thermoelectric semiconductor element are both 
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inanufectured only by conventional hot pressing of a raw thermoelectric semiconductor 
material according (shown by open triangle A in FIG. 26), and a case in which N type 
thermoelectric semiconductor element 2a is manufactured by a manufacturing method for 
a thermoelectric semiconductor element of the present invention, while a P type 
thermoelectric semiconductor element is manufactured only by hot pressing of a raw 
thermoelectric semiconductor material (shown by open diamond 0 and solid diamond* in 
FIG. 26). 



